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Foreword 


T^s  volume  contains  a  collection  of  essays  by  selected  authors  who  are 
^tive  m  the  field  of  blood  substitutes  research  or  closely  allied  disciplines. 
These  essays  were  dd  vered  as  lectures  by  the  authors  at  the  second  annual 
Current  Issues  in  Blood  Substitute  Research  and  Development  -  1995” 
cour^  sponsored  jointly  by  the  Departments  of  Medicine  and  Bioengineer- 

the  National  Institutes  of  Health 
^HLBI),  and  the  J.S.  Army  on  March  30,  31,  and  April  1,  1995  in  San 

This  course  had  three  goals:  to  present  fundamental  discussions  of 
scientific  issues  critical  to  further  development  of  artificial  oxygen  carriers 
to  provide  academicians  a  forum  to  discuss  their  current  research,  and  to 
compames  involved  in  developing  products  the  opportunity  to 
update  the  audience  on  their  progress.  The  organization  owes  much  to  the 
solicited  comments  of  the  attendees  of  the  1994  course. 

thp  Pff  T'*!  particularly  through 

the  efforts  of  COL  John  Hess,  who  provided  significant  funding  to  mate 

publication  of  this  volume  possible.  In  addition,  a  number  of  the 
participating  companies  provided  additional  financial  support  to  offset  the 
costs  of  the  course.  These  include  Alliance  Pharmaceutical  Corp.,  Hemosol, 
ippon  Oil  and  Fat,  Northfield  Laboratories,  and  Ortho  Biotech 

We  owe  an  enormous  debt  to  Renee  Schad,  who  handled  almost  all 
of  the  formatting  and  final  editing  of  the  manuscripts.  As  usual,  Shirley 
Kolkey  and  Complete  Conference  Management  have  provided  competent 
professional  guidance  and  organization  for  the  course.  We  would  also  like 
to  thank  each  of  the  contributors  who  worked  cheerfully  (more-or-less)  with 
us  and  our  rigid  deadlines.  ' 


Robert  M.  Winslow,  M.D. 
Kim  D.  Vandegriff,  Ph.D. 
Marcos  Intaglietta,  Ph.D. 


Preface 


Although  a  substitute  for  human  red  cells  has  been  ^ught  for  n^ore  than 
a  century  still  no  product  is  available  to  patients.  Until  the  early  1980  s, 
researched  development  in  this  area  was  relegated  to  rather  obscure  aca¬ 
demic  efforts  but  AIDS  suddenly  brought  new  focus  to  the  effort  ^hen  it 
transmission’by  blood  transfusion  was  shown  clearly.  Although  blood  is 
now  extensively  tested  for  the  AIDS  (HIV)  virus,  research  on  red  cell  su^ 
»  has  shLn  tremendous  potential  application  for  these  produjs, 
a!:rdevetpment  continues  at  an  unprecedented  pace.  In  fact,  a  number 

cell  substitutes.  Theyearbeganwithau^^^^^^^^^^^ 

attPitine  to  the  growing  scientific  and  commercial  interest  m  this  field. 

The  FDA/NIH/DOD  conference  set  the  tone  for  the  discussions  w  ic 
followed-  while  work  and  interest  continued  in  understanding  of  safety  and 

produC,  „.r.  ..Kntio.  w«  ta-d  o„ 

of  efficacy  and  on  the  design  of  clinical  tri^s.  q,,UoHtute  Re- 

The  content  of  the  course  ’’Current  Issues  in  Blood  Substitute  Ke 

search  and  Development  -  1995”  reflects  our  own 

the  direction  of  our  UCSD  program.  Thus,  we  have  selected  authors  and 
speakers  who  can  contribute  the  main  theme  of  this  year  s  course,  mec  - 
nisms  of  O2  transport  by  red  cell  substitutes  and  the  implications  of  the 
mechanisms  for  efficacy  and  toxicity  of  products. 

The  volume  begins  with  a  fresh  look  at  the 
a  red  cell  substitute  product  would  have,  and  a  considera,tion  of  allied 
technologies  like  blood  sterilization  and  the  development  of  current  g 
manufacturing  practice”  (cGMP)  standards  on  the  banking  md  y 

Economic  considerations  will  determine,  to  some  extent  the 
success  of  licensed  products,  but  also  in  Dr.  Tomasulo’s  opmion,  new 
products  will  have  a  tremendous  impact  on  emerging  countries  whose  bloo 

'"^'"cbsX^relltedthlpters  by  Fratantoni  (2)  and  Winslow  (3)  are  mmed 
at  issis  of  efficacy  demonstration.  Dr.  EVatantoni  distinguishes  between 
tfficaj’  the  capacity  for  a  product  to  do  something  refill  for  a  paW) 
aS  “activity”  (the  capacity  for  a  product  to  do  something  physiologically, 
like  carry  O2).  Dr.  Winslow’s  contribution  describes  the  broad  physiol  g 


Preface 


IX 


to  transfuse  red  blood  cells.  The  chapter  makes  the  case  that  these  triggers 
are  not  always  clearly  defined,  therefore  definition  of  clear-cut  clinical  end¬ 
points  for  red  cell  substitutes  will  not  be  easy.  In  the  chapter  by  Bowersox 
and  Hess  (4)  development  of  red  cell  substitutes  is  seen  fi:om  the  unique 
perspective  of  the  military. 

Chapters  by  Kaufman  (5),  M2inning  (6),  and  Rudolph  (7)  review  the 
current  state  of  perfiuorocarbon-based,  hemoglobin-based,  and  encapsu¬ 
lated  hemoglobin  products.  These  authoritative  chapters  provide  read¬ 
ers  with  a  fundamental  understanding  of  the  current  products  undergoing 
clinical  testing  and  point  to  future  developments  and  refinements  in  the 
products. 

Specific  issues  of  toxicity  of  cell-free  hemoglobin  are  discussed  in  the 
contributions  by  Vandegriff  (8)  and  Blantz  (9).  Dr.  Vandegriff  discusses 
the  impact  of  chemical  and  genetic  modification  on  hemoglobin  stability 
in  regard  to  heme-globin  linkage,  oxidation,  and  the  potential  for  related 
in  vivo  toxicity.  Dr.  Blantz  describes  his  recent  research  in  which  detailed 
studies  of  the  effects  of  hemoglobin  solution  on  kidney  function  have  been 
carried  out.  Dr.  Blantz  goes  beyond  the  traditional  studies  of  gross  kid¬ 
ney  function  and  considers  hemoglobin-NO  interactions  and  the  possible 
interactions  with  adrenergic  and  hormone  control  of  the  kidney. 

The  chapters  by  Vandegriff  and  Winslow  (10),  Intaglietta,  Kerger  and 
Tsai  (11)  and  Johnson  and  coworkers  (12)  are  the  most  closely  related  to 
our  own  research  program  at  UCSD.  In  essence,  we  believe  that  increased 
O2  availability  results  from  the  even  distribution  of  O2  in  the  plasma  con¬ 
taining  cell-free  hemoglobin.  Combined  with  lowered  viscosity  of  the  solu¬ 
tions,  this  results  in  autoregulatory  vasoconstriction  and  reduced  capillary 
perfusion.  Vandegriff  and  Winslow  discuss  the  theoretical  basis  for  these 
views,  Intaglietta,  Kerger  and  Tsai  describe  direct  measurements  of  O2 
distribution  in  the  capillary  circulation  of  the  awake  hamster,  and  John¬ 
son  and  coworkers  place  these  views  and  observations  in  the  perspective  of 
several  decades  of  research  on  the  mechanisms  of  autoregulation.  If  these 
views  prove  to  be  correct,  in  our  opinion,  we  must  reconsider  our  basis  as¬ 
sumptions  about  viscosity,  P50  and,  possibly,  encapsulation  of  hemoglobin 
within  an  artificial  membrane. 

Finally,  we  are  indeed  fortunate  to  have  Dr.  Suit  contribute  a  chapter 
(13)  to  one  exciting  application  of  cell-free  O2  carriers:  the  treatment  of 
cancers  by  enhancing  sensitivity  to  irradiation  by  increasing  tissue  PO2. 
Dr.  Suit  reviews  basic  biology  of  tumor  cell  microcirculation  and  the  ra¬ 
tionale  for  using  the  new  solutions. 

We  hope  the  readers  of  this  volume  and  those  who  attend  ’’Current 
Issues  in  Blood  Research  and  Development  -  1995”  find  these  chapters 


X 
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as  stimulating  as  we  did  in  assembling  and  editing  them.  The  selection 
of  topics  reflects  our  editorial  biases  about  the  importance  of  the  prob¬ 
lems  they  address,  positions  not  necessarily  endorsed  by  any  of  our  institu¬ 
tional  or  commercial  sponsors.  If  we  have  overlooked  any  areas  that  should 
receive  more  attention,  the  fault  is  entirely  ours,  and  we  hope  the  continued 
feedback  from  the  participants  in  the  course  will  help  keep  us  attuned  to 
the  mainstream  of  thought  in  this  ever-changing  field. 


Robert  M.  Winslow 
Kim  D.  Vandegriff 
Marcos  Intaglietta 


Chapter  1 


Transfusion  Alternatives:  Impact 
on  Blood  Banking  Worldwide 


Peter  Tomasulo,  M.D. 

TM  Consulting  Inc. y  1440  Laburnum  Streety  McLeany  Virginia  22101 


1.1  Introduction 

The  purpose  of  this  chapter  is  to  present  an  overview  of  current  blood 
banking  organizations  and  activities  and  the  effect  of  the  introduction  of 
red  cell  substitutes.  To  do  this  job  well,  one  would  need  to  know  the 
characteristics  of  each  licensed  red  cell  substitute,  the  sequence  of  licen¬ 
sure  and  their  applications,  costs,  side  effects,  etc.  One  would  also  like  to 
know  what  other  new  technologies  will  have  been  introduced  at  the  time 
of  the  introduction  of  red  cell  substitutes.  Of  course,  none  of  this  infor¬ 
mation  is  available  today  and  the  range  of  possibilities  is  very  broad. 
Therefore,  any  prediction  of  the  impact  of  transfusion  alternatives  on 
blood  banking  must  be  considered  less  than  precise.  However,  it  is  possi¬ 
ble  to  focus  on  trends  and  principles  to  help  the  reader  make  predictions 
as  s/he  observes  changes  in  the  marketplace  and  as  transfusion  alterna¬ 
tives  come  closer  to  being  a  reality.  To  be  inclusive,  some  circumstances 
that  are  not  considered  likely  will  be  introduced  and  analyzed.  This 
should  prepare  the  reader  a  little  better  if  todays  opinions  turn  out  to  be 
incorrect. 

The  approach  includes  a  description  of  the  status  of  Transfusion  Medi¬ 
cine.  The  best  data  and  the  greatest  chance  for  accuracy  are  in  the  de¬ 
scription  of  North  America  because  the  author  is  less  familiar  with  the 
situations  in  Europe,  Japan  and  the  rest  of  the  world.  However,  some 
clear  trends  and  circumstances  will  be  presented.  The  description  of  the 
status  will  be  followed  by  a  brief  inventory  of  forces  acting  on  Transfu¬ 
sion  Medicine.  Politics,  technology  and  the  interests  of  worldwide  health 
service  organizations  will  be  considered.  The  possible  impacts  of  red  cell 
substitutes  in  different  parts  of  the  world  will  be  evaluated. 
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1.2  Overview  of  Status  of  Blood  Banking  Worldwide 

1.2.1  The  United  States 

Transfusion  Medicine  has  been  a  relatively  conservative  and  stable  part 
of  the  U.S.  health  care  system.  The  basic  technologies  were  introduced 
40-50  years  ago  and  have  not  been  changed.  What  has  improved  is  the 
testing  and  sorting  of  therapeutics  for  unwanted  characteristics.  But  the 
therapeutic  efficacy  of  most  blood  components  has  not  changed  and,  in¬ 
terestingly,  the  therapeutic  efficacy  has  not  been  well-defined  for  red 
cells.  Transfusion  Medicine  laboratory  activities  remain  more  labor  in¬ 
tensive  than  is  desirable,  and  the  technology  in  the  blood  bank/cross¬ 
match  laboratory  is  quite  primitive  in  comparison  to  the  rest  of  a  modern 
clinical  laboratory. 

The  AIDS  epidemic  has  created  turmoil  for  blood  bankers,  blood  bank 
regulators  and  for  those  who  are  accountable  to  the  public  for  the  quality 
of  the  blood  supply.  It  is  impossible  to  summarize  precisely  what  the 
American  people  think  about  their  blood  supply  and  there  are  conflicting 
impressions.  On  the  one  hand,  there  continues  to  be  remarkable  support 
from  blood  donors  and  the  companies  and  organizations  with  which  they 
are  associated.  Many  recipients  and  potential  recipients  seem  to  under¬ 
stand  the  very  low  level  of  risk  and  accept  it.  On  the  other  hand,  some 
segments  of  the  U.S.  public  are  willing  to  believe  that  their  blood  supply 
is  not  as  safe  as  it  ought  to  be;  not  even  as  safe  as  the  blood  bankers  say 
it  is.  Inquiries  into  the  present  and  past  practices  concerning  the  safety 
of  the  U.S.  blood  supply  have  been  ongoing  at  the  request  of  Congress 
and  the  Department  of  Health  and  Human  Services.  There  has  been  for 
the  first  time  in  modern  memory  a  clear  lack  of  confidence  in  blood  bank¬ 
ers  and  in  the  safety  of  the  blood  supply.  Most  people  have  not  lost  confi¬ 
dence,  but  there  are  enough  concerned  people  that  this  lack  of  confidence 
is  a  problem  of  the  greatest  significance  for  U.S.  blood  bankers. 

Americans  do  not  like  the  nature  of  the  risk  associated  with  blood  trans¬ 
fusion  today.  They  want  more  information  about  blood  and  they  want  to 
gain  control  over  the  risk  themselves.  And  when  it  is  possible,  they 
want  blood  transfusion  with  no  risk  at  all.  It  is  this  desire  that  has 
alerted  elected  officials  and  U.S.  regulatory  agencies. 

The  response  of  the  regulatory  agencies  has  been  to  increase  their  efforts 
to  force  blood  bankers  to  adopt  the  procedures  used  by  drug  manufactur¬ 
ers.  For  some  time,  the  U.S.  Food  and  Drug  Administration  (FDA)  has 
considered  blood  components  to  be  drugs  and  it  regulates  U.S.  blood  cen¬ 
ters  in  the  same  fashion  that  it  regulates  drug  manufacturers.  The  FDA 
is  implementing  a  strategy  which  it  believes  will  raise  the  U.S.  blood 
centers'  level  of  performance  to  that  achieved  by  drug  manufacturers. 
Blood  center  professionals  accept  the  classification  as  manufacturers  and 
endeavor  to  meet  the  standards  precisely  as  the  FDA  wishes  to  apply 
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them.  There  are  some  differences  between  drug  manufacturing  and  the 
provision  of  blood  components,  which  may  make  it  difficult  to  achieve 
the  desired  status. 

Drug  manufacturers  try  to  make  absolutely  pure  compounds  with  a 
small  number  of  components  which  have  well-understood  effects.  Com¬ 
pared  to  most  drugs,  blood  is  complicated  and  nonspecific.  It  has  too 
many  components  and  too  many  effects  (desirable  as  well  as  potentially 
dangerous).  It  is  known  that  many  substances  in  blood  prepared  for 
transfusion  can  have  no  beneficial  effect  on  the  recipient  and  therefore 
should  be  removed  to  prevent  them  from  causing  harm.  There  is  cur¬ 
rently  no  technology  available  which  allows  blood  manufacturers  to  re¬ 
move  unwanted  components  to  the  degree  possible  in  drug  synthesis. 
Blood  filtration  to  remove  white  cells  is  a  rudimentary  step  in  that  direc¬ 
tion. 

In  manufacturing  drugs,  raw  materials  must  be  qualified.  This  qualifica¬ 
tion  is  the  most  important  step  in  the  "manufacture"  of  blood  compo¬ 
nents.  It  is  difficult  to  imagine  that  drug  manufacturers  would  ever  de¬ 
pend  on  interviews  of  thousands  of  volunteer  individuals  over  whom 
they  have  no  control  for  the  quality  of  their  raw  materials.  Nor  would 
they  release  hundreds  of  lots  of  final  product  each  day.  There  is  no  alter¬ 
native  for  transfusion  medicine. 

Drug  manufacturers  must  demonstrate  safety  and  efficacy  before  their 
products  are  licensed,  but  today  there  is  no  agreement  on  the  appropri¬ 
ate  efficacy  measurements  or  even  the  specific  indications  for  some  blood 
components.  Drugs  can  be  subjected  to  lot  testing  before  release,  but  the 
FDA  defines  each  blood  component  as  one  lot.  Because  of  sterility  and 
other  concerns,  blood  components  cannot  undergo  the  same  end-product 
testing. 

Drug  manufacturers  are  required  to  list  all  components  (active  and  inac¬ 
tive)  of  licensed  agents.  Blood  centers  cannot  certify  that  there  are  no  ex¬ 
traneous  chemicals  or  infectious  agents  in  blood,  because  their  data 
about  the  donor  (the  real  manufacturing  plant)  could  never  be  as  com¬ 
plete  as  the  data  available  to  drug  companies.  Blood  centers  do  not  know 
what  the  donor  ate  or  to  what  s/he  was  exposed.  Drug  companies  have 
contracts  and  issue  specifications  to  their  raw  material  suppliers.  In  con¬ 
trast,  blood  centers  cannot  hold  blood  donors  accountable  for  complete 
knowledge  about  the  blood  they  provide  or  for  maintaining  a  steady 
state.  Donors  who  do  not  know  they  are  in  the  early  stages  of  AIDS  or 
hepatitis  infection  provide  an  example  of  individuals  who  might  believe 
they  are  healthy  when  they  give  blood,  but  who  will  discover  sometime 
later  they  are  not. 

Although  U.S.  blood  centers  support  the  application  of  the  drug  current 
Good  Manufacturing  Practices  (cGMP)  and  are  making  every  effort  to 
comply  therewith,  it  is  clearly  more  difficult  for  blood  centers  to  do  this 
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successfully  than  it  has  been  for  the  pharmaceutical  manufacturing  com¬ 
panies.  Blood  centers  cannot  precisely  match  the  procedures  and  the 
achievement  of  drug  manufacturers.  There  are  more  variables  and  there 
is  less  potential  for  control.  This  added  degree  of  difficulty  has  and  will 
continue  to  lead  to  major  issues  between  the  regulated  organizations  and 
the  regulators.  These  issues  have  exacerbated  the  lack  of  trust  in  the 
blood  providers  exhibited  by  some  of  the  American  public.  In  the  current 
environment,  blood  banking  professionals  are  being  forced  to  concentrate 
their  efforts  on  regulatory  compliance  to  improve  blood  safety. 

One  result  of  the  concentration  on  regulatory  compliance  has  been  that 
blood  banking  organizations  have  not  allocated  the  resources  and  atten¬ 
tion  necessary  to  maintain  and  increase  the  quality  of  customer  service. 
As  a  result,  the  adequacy  of  the  homologous  blood  supply  has  suffered. 
Maintaining  the  participation  of  donors  has  become  more  difficult  be¬ 
cause  necessary  cGMP  procedures  require  the  elimination  of  some  safe 
donors,  and  new  screening  and  education  procedures  have  alienated  oth¬ 
ers.  There  is  currently  great  difficulty  in  meeting  the  needs  of  hospitals 
in  some  U.S.  metropolitan  areas.  Also,  because  of  attention  to  regulatory 
compliance,  there  has  been  a  decrease  in  the  rate  of  development  of  new 
technologies  that  might  improve  the  adequacy  and  safety  of  the  blood 
supply. 

1.2.2  The  Developed  Countries 

Much  of  what  has  been  happening  in  the  U.S.  is  also  happening  in 
Europe  and  Canada.  A  segment  of  the  population  is  very  uncomfortable 
with  blood  safety  and  current  blood  center  management.  Efforts  to  elimi¬ 
nate  all  risk  from  transfusion  have  been  called  for  as  vigorously  in  Can¬ 
ada,  Japan,  France  and  Germany  as  in  the  U.S.  There  have  been  official 
investigations  of  the  safety  of  the  blood  supply  and  recent  policies  and 
procedures  used  by  blood  banking  professionals  in  Canada,  Germany, 
France  and  Switzerland.  Regulatory  agencies  and  blood  centers  outside 
the  U.S.  also  have  accepted  the  benefits  of  the  current  drug  Good  Manu¬ 
facturing  Practices. 

Nonetheless,  in  some  countries,  blood  centers  have  avoided  the  inward 
focus  that  has  afflicted  U.S.  blood  centers.  There  has  been  a  less  dra¬ 
matic  effect  on  the  adequacy  of  the  blood  supply  and  customer  service.  In 
fact,  some  European  blood  centers  seem  to  have  continued  innovation  so 
they  may  be  ahead  of  U.S.  blood  centers  in  some  respects.  France,  for  ex¬ 
ample,  has  set  a  standard  for  leukodepletion  at  <1  x  10®  remaining  white 
cells/component,  which  is  better  than  the  standard  set  by  many  Ameri¬ 
can  organizations  (Chassaigne  1994).  In  addition,  techniques  to  prevent 
alloimmunization  have  been  applied  more  vigorously  in  some  European 
countries  than  in  the  U.S.  The  result  is  that  some  blood  bankers  contrast 
the  rate  of  alloimmunization  in  their  country  quite  favorably  with  that 
seen  in  the  U.S.  (Brand  1994).  Blood  banking  professionals  and  scien- 
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tific/technical  experts  in  other  countries  might  have  more  resources  and 
the  opportunity  for  more  creativity  than  exists  in  some  U.S.  blood  bank¬ 
ing  organizations. 

1.2.3  Developing  Countries 

Transfusion  medicine  services  are  in  very  short  supply  or  not  available 
at  all  in  many  developing  countries.  A  supply  of  volunteer  blood  donors 
is  not  always  available,  and  when  it  is,  the  health  of  the  donors  is  not 
i  always  ideal.  The  infrastructure  to  recruit  and  maintain  a  high  quality 

I  donor  panel  is  expensive  and,  in  some  ways,  quite  sophisticated.  It  is  not 

surprising  that  in  developing  countries,  the  blood  supply  has  not  at¬ 
tracted  the  needed  resources.  The  testing,  sorting  and  labeling  system 
which  is  used  so  successfully  in  Europe,  Japan  and  North  America,  does 
not  lend  itself  to  easy  implementation  in  communities  without  experi¬ 
enced  technologists,  a  steady  flow  of  funds  and  with  a  high  rate  of  posi¬ 
tivity  in  the  tests  done  to  select  acceptable  units  of  blood.  The  lack  of  a 
Transfusion  Medicine  system  must  lead  to  serious  deficiencies  through¬ 
out  the  rest  of  the  health  care  delivery  system.  It  is  likely  that  there  will 
be  an  increase  in  demand  for  safe  blood  when  health  care  develops  in 
these  countries.  If  surgery  is  to  be  performed  and  malignant  disease 
treated,  these  countries  will  need  a  way  to  replace  missing  blood  compo¬ 
nents. 

1.2.3. 1  Global  Implementation  of  Good  Manufacturing  Practices 

While  the  establishment  of  cGMP  in  Transfusion  Medicine  will  improve 
transfusion  safety  through  improving  the  control  of  operations,  there 
may  not  be  an  accurate  appreciation  of  the  impact  on  cost  and  quality  of 
care.  Good  Manufacturing  Practices  will  reduce  the  number  of  mistakes 
and  will  stimulate  more  attention  to  quality  management  and  quality 
engineering  principles.  These  changes  will  protect  against  the  risks 
which  follow  mistakes.  Mistakes,  however,  are  not  thought  to  explain  a 
significant  portion  of  the  remaining  risk  of  infectious  disease  to  which 
transfusion  recipients  are  now  exposed  (Busch  1994).  Therefore,  the  to¬ 
tal  impact  on  the  safety  of  the  blood  supply  will  be  significant  but  should 
not  be  exaggerated.  Technology  changes  are  needed  to  make  a  signifi¬ 
cant  improvement  in  safety  and  will  provide  a  more  secure  and  rational 
platform  to  face  future  infectious  disease  risks.  In  addition,  while  cGMP 
has  been  very  effective  in  drug  and  device  manufacturing,  conditions  in 
Transfusion  Medicine  are  not  identical.  Improvements  in  safety  will  be 
smaller  than  in  classical  drug  S5mthesis  or  device  manufacturing.  Fi¬ 
nally,  implementing  cGMP  will  increase  the  cost  of  Transfusion  Medi¬ 
cine.  The  entire  cost  probably  has  not  been  felt  yet,  because  the  installa¬ 
tion  is  not  complete  and  because  the  fees  currently  charged  may  not 
cover  current  activity  completely.  These  increased  costs  will  be  passed  on 
to  the  end  user  and  his/her  insurance  organization.  Will  these  costs 
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mean  a  10%  increase  in  fees  levied?  ...  a  25%  increase  in  fees?  This  sig¬ 
nificant  increase  will  probably  be  in  effect  in  many  developed  countries 
by  the  time  red  cell  substitutes  and  viral  inactivation  are  launched.  It  is 
not  clear  how  increased  costs  will  influence  demand  for  new  technolo¬ 
gies. 

The  implementation  of  cGMP  is  mandatory  in  the  United  States  and  in 
companies  abroad  that  wish  to  be  licensed  by  the  U.S.  FDA.  FDA  Com¬ 
missioner  Kessler  has  said  that  eliminating  the  HIV  window  is  a  very 
high  priority.  Besides  requiring  cGMP,  he  has  encouraged  the  pursuit  of 
currently  very  expensive  technologies  to  achieve  this  goal  (Kessler  1994). 
Whether  this  same  commitment  to  cGMP  and  further  risk  reduction  will 
be  made  in  all  developed  countries,  especially  those  without  a  need  for  a 
U.S.  license,  remains  to  be  determined. 


1.3  Forces  Affecting  Transfusion  Medicine 

1.3. 1  Trend  Toward  More  Health  Care 

With  the  end  of  the  Cold  War,  there  may  be  less  need  for  large  defense 
budgets,  and  some  resources  previously  consumed  by  defense  might  sup¬ 
port  improvements  in  health  care.  Most  countries  in  the  Western  World 
show  interest  in  reducing  government  expenditures  and  taxes.  However, 
there  has  been  an  increase  in  attention  to  human  rights  and  eliminating 
physical  suffering,  both  within  countries^  borders  and,  when  there  is 
need,  in  neighboring  countries.  This  new  attention  may  lead  to  in¬ 
creased  support  for  health  care  and  Transfusion  Medicine.  Transfusion 
Medicine  is  a  very  visible  portion  of  the  health  care  system.  The  investi¬ 
gations  that  have  been  stimulated  by  concerns  about  the  safety  of  the 
blood  supply  will  bring  more  government  interest  and  possibly  resources 
to  build  stronger  blood  programs. 

As  part  of  its  Global  Program  on  AIDS,  the  World  Health  Organization 
(WHO)  has  had  a  Global  Blood  Safety  Initiative.  This  initiative  led  to  a 
new  understanding  of  the  needs  and  the  level  of  service  in  many  develop¬ 
ing  countries.  On  October  1,  1994,  WHO  made  a  commitment  to  estab¬ 
lish  a  new  unit  dedicated  to  worldwide  blood  safety  improvements  (Em¬ 
manuel  1994).  When  this  unit  is  established,  WHO  will  attract  talented 
professionals  from  around  the  world.  It  has  the  authority  to  communi¬ 
cate  directly  with  governments  and  to  bring  resources  specifically  appli¬ 
cable  to  the  particular  circumstance  found  in  each  country.  WHO  could 
be  extremely  influential  in  building  the  foundation  for  dramatic  im¬ 
provements  in  health  care  worldwide  by  helping  to  place  Transfusion 
Medicine  programs  in  the  proper  order  of  priority  and  then  helping  to 
create  unique  paths  to  meet  the  specific  needs  of  each  developing  coun¬ 
try  while  controlling  the  use  of  resources. 
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The  International  Federation  of  Red  Cross  and  Red  Crescent  Societies  is 
the  association  that  communicates  with  all  the  National  Red  Cross  and 
Red  Crescent  Societies  in  the  world.  One  mission  of  this  program  is  to 
share  resources  and  technologies  so  that  National  Societies’  blood  pro¬ 
grams  in  developing  countries  can  grow.  The  Red  Cross  and  Red  Cres¬ 
cent  Blood  Programs  are  non-govemmental,  but  in  many  countries  have 
been  designated  by  the  government  to  provide  the  needed  services  for 
the  entire  country.  The  Federation  may  strengthen  its  programs  in  the 
near  future,  and  if  this  is  accomplished,  the  Federation  could  bring  im¬ 
provements  in  Transfusion  Medicine  service  to  many  developing  coun¬ 
tries  (van  Aken  1994).  These  improvements  would  speed  the  inevitable 
increase  in  demand  for  Transfusion  Medicine  services  worldwide. 

Finally,  Europe  has  established  the  goal  of  self-sufficiency  for  blood  and 
plasma  derivatives  and  the  standard  that  all  blood  and  plasma  deriva¬ 
tives  will  come  from  volunteer,  non-remunerated  altruistic  donors  (Euro¬ 
pean  Union  Directive  1989).  Japan  has  the  same  objectives.  Currently 
the  position  is  that  countries  should  work  toward  these  goals.  It  is  the 
intention  that  eventually  these  would  be  requirements.  The  desire  to 
generate  internal  resources  and  set  a  "higher"  standard  will  stimulate 
Transfusion  Medicine  activity.  Because  much  of  the  supply  of  plasma  de¬ 
rivatives  for  Europe  comes  from  the  U.S.  at  present,  and  because  a  sig¬ 
nificant  proportion  of  this  U.S.  supply  is  from  paid  donors,  the  accom¬ 
plishment  of  the  European  and  Japanese  objectives  would  have 
worldwide  implications  for  the  plasma  market. 

1.3.2  Technology  Improvements 

1.3.2. 1  Malignant  Disease  and  Bone  Marrow  Transplantation 

While  there  is  no  dramatic  new  therapy  for  malignant  disease  on  the  ho¬ 
rizon,  there  are  many  advances  that  will  decrease  the  risk  of  that  ther¬ 
apy  and  have  an  impact  on  Transfusion  Medicine.  The  intelligent  appli¬ 
cation  of  growth  factors  and  cytokines  will  speed  the  restoration  of 
normal  levels  of  blood  cells  after  chemotherapy  and  could  reduce  the 
need  for  transfusion.  At  present  there  is  no  evidence  that  these  sub¬ 
stances  can  increase  cure  rates,  increase  survival  or  improve  quality  of 
life,  but  there  is  experience  showing  more  rapid  return  of  cells  and  possi¬ 
bly  fewer  infections.  However,  the  observation  that  some  tumor  cells 
have  receptors  for  growth  factors  is  disturbing  (Quesenberry  1994).  An 
additional  use  of  these  substances  is  to  stimulate  the  rapid  growth  of  se¬ 
lected  cells  in  culture.  While  cost  and  side  effects  are  currently  signifi¬ 
cant  factors  in  the  application  of  these  substances,  costs  will  probably 
decrease,  and  growth  factors  and  C5rtokines  will  be  applied  in  appropri¬ 
ate  clinical  and/or  in  vitro  situations. 
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There  has  been  much  creativity  in  facilitating  the  collection  and  improv¬ 
ing  the  quality  of  cells  obtained  for  transplantation.  The  collection  and 
transplantation  of  peripheral  blood  stem  cells  are  realities  today,  and 
further  growth  will  include  allogeneic  use  of  these  cells.  It  is  not  clear 
what  the  potential  impact  of  cord  cells  could  be,  but  possible  improve¬ 
ments  might  be  less  difficulty  matching  the  recipient,  more  availability 
for  autologous  transplantation  and  possibly  less  Graft  Versus  Host  Dis¬ 
ease  (GVHD). 

Finally,  improvement  in  the  ability  to  purify  and  select  cells  for  trans¬ 
plantation  will  support  the  prevention  and/or  the  appropriate  control  of 
GVHD.  GVHD  may  not  remain  the  significant  clinical  problem  it  some¬ 
times  is  today  (Braine  1994).  If  GVHD  can  be  prevented  and  controlled, 
hospitalization  will  be  shorter,  blood  use  will  be  less  and  costs  will  go 
down. 

All  these  changes  in  technology  will  decrease  the  demand  for  blood  com¬ 
ponents  for  each  patient  treated  with  standard  or  high-dose  therapy  or 
transplanted  for  malignancy.  However,  as  the  therapies  become  less 
risky  and  less  expensive,  the  barriers  for  patients  will  be  reduced  and 
more  patients  will  be  recruited  for  this  therapy.  We  have  already  seen 
an  increase  in  the  upper  age  limit  for  bone  marrow  transplantation  in 
some  centers.  The  prediction  has  been  made  that  within  the  next  ten 
years  the  number  of  transplants  done  will  increase  from  about  7,000 
worldwide  to  over  100,000  (Durbin  1988). 

Currently,  most  of  the  blood  transfused  in  developing  countries  is  trans¬ 
fused  as  whole  blood  and  goes  to  young  children  and  women  at  the  time 
of  childbirth.  In  contrast,  half  the  blood  transfused  in  developed  coun¬ 
tries  goes  to  patients  over  60  years  of  age.  This  different  pattern  of  usage 
suggests  that  malignant  disease  is  not  being  treated  aggressively  in  de¬ 
veloping  countries.  As  health  care  matures  in  developing  systems,  there 
will  be  an  increase  in  the  demand  for  the  labile  blood  components.  Im¬ 
provement  in  health  systems,  the  recruitment  of  patients  and  the  aging 
of  the  population  mean  that  the  demand  for  transfusion  will  be  signifi¬ 
cant. 

1.3.2.2  Surgery 

There  has  been  a  widespread  effort  among  transfusion  medicine  special¬ 
ists  and  clinicians  to  be  more  judicious  in  the  use  of  blood  components. 
The  effort  will  increase  and  be  supported  by  efforts  to  control  cost  and 
personal  liability,  but  probably  will  not  lead  to  a  big  decrease  in  demand 
for  blood  components. 

A  significant  amount  of  blood  is  used  in  the  resuscitation  and  definitive 
therapy  of  trauma  patients.  It  has  been  learned  that  through  aggressive 
attention  during  the  first  hour  after  trauma,  many  more  patients  are 
salvaged  to  receive  definitive  therapy.  As  more  communities  invest  in 
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support  systems  netessary  to  have  an  impact  during  this  important  first 
hour,  there  should  be  more  patients  surviving  to  have  definitive  surgery 
and  rehabilitation.  They  will  need  the  services  of  the  Transfusion  Medi¬ 
cine  units. 

1.3. 2. 3  Decontamination  of  Labile  Cellular  and  Cell-Free  Blood 
Components 

Many  health  care  manufacturing  companies,  biotechnology  companies 
and  nonprofit  organizations  are  pursuing  technologies  that  will  further 
decrease  the  risk  of  transmitting  infectious  diseases  with  plasma  deriva¬ 
tives  in  the  short  term  and  with  cellular  blood  components  in  the  longer 
term.  Different  technologies  are  being  evaluated,  including  solvent  de¬ 
tergent  treatment,  photoinactivation  with  and  without  various 
photoreactive  chemicals,  filtration,  washing,  other  chemical  reactions, 
etc.  Currently,  with  the  testing,  screening  and  donor  deferral  systems  in 
use,  the  risk  of  transmitting  HIV  with  labile  blood  components  in  the 
U.S.  is  estimated  to  be  in  the  range  of  1:400, 000/unit  of  blood;  the  risk  of 
transmitting  HBV,  1:20 0,000/unit;  risk  for  HCV,  l:6,000/unit;  risk  for 
HTLV  I/II,  about  l:70,000/unit;  risk  for  the  rest,  1: 1,000,000/unit  or  less 
(Dodd  1994).  The  risk  of  transmitting  CMV  to  susceptible  patients  could 
be  totally  eliminated  today  simply  by  applying  current  filtration  technol¬ 
ogy  more  aggressively.  While  these  may  seem  like  good  odds  to  an  indi¬ 
vidual  who  has  not  had  or  is  not  contemplating  a  transfusion,  these 
seem  to  be  frightening  numbers  to  those  with  transfusion  experience. 
The  U.S.  FDA  Commissioner  has  said  this  level  of  risk  is  unacceptable 
(Kessler  1994).  Vast  resources  are  being  invested  worldwide  to  reduce 
and  even  eliminate  the  remaining  risks.  These  investments  will  surely 
have  some  success.  The  time  frame  for  the  introduction  of  the  new  tech¬ 
nologies  is  anybody's  guess,  and  the  temporal  relation  of  the  introduction 
of  the  decontamination  technology  to  the  introduction  of  red  cell  substi¬ 
tutes  will  be  significant  in  determining  the  pricing  and  the  preferred 
technology  for  various  clinical  indications. 

1 .4  The  Arrival  of  Red  Cell  Substitutes 

1.4. 1  First  Generation  Red  Cell  Substitutes 

We  have,  thus  far,  made  some  observations  to  help  picture  the  blood 
banking  world  when  the  first  red  cell  substitutes  are  launched.  How  will 
this  world  be  changed  by  having  a  new  material  that  transports  O2?  An¬ 
swering  this  question  requires  some  assumptions  about  the  first  genera¬ 
tion  of  substitutes.  Assumption  #1:  More  than  one  red  cell  substitute  will 
be  licensed  in  the  first  generation.  Assumption  #2:  The  first  generation 
substitutes  will  have  an  in  vivo  half  life  (T^/g)  of  fewer  than  3  days.  As- 
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sumption  #3:  Each  red  cell  substitute  will  have  different  applications 
based  on  different  characteristics. 

One  major  appeal  of  red  cell  substitutes  has  been  the  ability  to  prepare 
them  sterilely  or  to  "sterilize"  them  once  they  are  prepared.  The  public 
perception  of  the  risk  of  transmitting  AIDS  has  been  the  most  significant 
stimulus  for  the  investment  in  red  cell  substitutes.  The  solvent  detergent 
procedure  and  the  other  processes  used  to  decontaminate  plasma  deriva¬ 
tives  have  reduced  the  infectious  disease  risk  of  these  substances  well 
below  the  risk  of  cellular  blood  components.  These  processes  will  be  ap¬ 
plied  to  the  modified  hemoglobin  solutions  and  such  "sterile"  substances 
will  become  the  product  of  choice  for  the  appropriate  clinical  indications. 
Recombinant  technology  will  set  the  highest  standard  for  reducing  infec¬ 
tious  disease  risk.  If,  however,  the  technology  to  inactivate  microorgan¬ 
isms  in  red  cells  has  become  available  before  the  introduction  of  red  cell 
substitutes,  the  immediate  appeal  of  the  substitutes  will  be  reduced  sig¬ 
nificantly. 

In  addition  to  the  reduced  infectious  disease  risk,  cost,  logistics  of  stor¬ 
age  and  administration,  and  new  applications  will  be  among  the  features 
that  give  red  cell  substitutes  credibility  in  the  marketplace.  Storage  will 
be  more  convenient  because  they  are  not  likely  to  require  refrigeration 
and  they  will  be  in  a  more  concentrated  form.  They  will  not  need  to  be 
crossmatched.  These  features  will  he  advantages  for  the  first  generation 
of  red  cell  substitutes.  Disadvantages,  when  compared  to  red  cells  or 
whole  blood,  will  be  the  short  half  life  and  the  inevitable  differences  from 
normal  physiology.  If  an  improved  perfluorocarbon  is  licensed,  it  may 
have  some  side  effects  different  from  those  of  hemoglobin  solutions  or 
cellular  components.  The  balance  of  features  will  determine  the  demand 
for  this  first  generation  of  products. 

Because  the  will  be  short,  the  early  substitutes  will  not  be  used  for 
the  same  indications  as  red  cells  and  whole  blood.  There  will  not  be  sig¬ 
nificant  replacement  of  red  cell  transfusions.  Because  the  viscosity  of 
these  early  substances  is  likely  to  be  lower  than  that  of  blood,  additional 
uses  will  include  perfusion  distal  to  obstructions  caused  by  plaques, 
catheters,  etc.  They  may  be  used  experimentally  as  support  during  shock 
and  to  determine  if  they  improve  salvage  or  reduce  risk  after  massive 
trauma.  They  will  be  used  to  perfuse  organs  during  storage  before  trans¬ 
plantation.  The  perfluorocarbon  substitutes  and  substitutes  based  on 
synthetic  hemoglobin  will  probably  be  acceptable  for  patients  who  refuse 
human  blood  transfusion  or  who  are  ineligible  for  human  transfusion. 
This  first  generation  of  substances  will  be  used  widely  in  experimental 
situations  to  test  new  applications  and  to  refine  the  true  indications  for 
red  cell  and  whole  blood  transfusions. 

It  is  difficult  to  predict  the  use  of  the  first  generation  of  red  cell  substi¬ 
tutes  in  developing  countries.  The  red  cell  substitutes  might  be  appropri¬ 
ate  for  bleeding  at  the  time  of  childbirth  to  maintain  these  patients  for  a 
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couple  of  days  while  hemorrhage  is  controlled  and  the  marrow  can  re¬ 
plenish  what  has  been  lost.  Young  children,  on  the  other  hand,  probably 
need  a  substance  which  will  support  them  for  some  time.  Expense  will  be 
a  major  issue  in  either  case.  Logistics  of  storage  and  administration 
should  be  very  attractive. 

This  generation  of  materials  will  not  have  a  great  impact  on  demand  for 
red  cells  and  whole  blood  (see  below).  An  effective  perfluorocarbon  would 
decrease  the  demand  for  donated  human  blood  but  to  the  extent  that 
these  substances  have  short  half  lives,  they  would  still  have  limited  abil¬ 
ity  to  replace  the  bulk  of  the  transfusions  of  red  cells  and  whole  blood. 

1.4.2  Second  Generation  Red  Cell  Substitutes 

One  critical  characteristic  of  future  development  in  this  area  is  the  ex¬ 
tension  of  the  in  vivo  half  life  toward  the  half  life  of  red  cells  transfused 
today.  When  this  is  achieved,  we  will  see  applications  similar  to  the  clas¬ 
sic  indications  for  today's  red  cell  transfusions  and  there  will  be  greater 
competition  with  components  donated  by  volunteers.  One  way  that  the 
in  vivo  half  life  can  be  extended  is  through  the  encapsulation  of  the  he¬ 
moglobin  in  lipid.  This  will  accomplish  a  number  of  functions.  It  is  likely 
to  reduce  concern  about  toxicity,  because  the  encapsulated  hemoglobin 
will  prevent  the  exposure  of  all  organs  to  hemoglobin  with  which  they 
have  little  or  no  direct  contact  in  normal  physiology.  Encapsulation  will 
likely  provide  a  longer  in  vivo  half  life.  Encapsulation  will  also  establish 
a  more  physiologic  off-loading  of  Og.  While  it  is  not  clear  that  the  timing 
of  the  transport  of  oxygen  from  hemoglobin  to  the  tissue  will  be  better  if 
it  has  to  include  passage  through  a  lipid  membrane,  this  is  what  hap¬ 
pens  in  normal  metabolism.  There  are  at  least  theoretical  reasons  why 
one  would  want  to  reproduce  this  situation  with  red  cell  substitutes.  Vis¬ 
cosity  could  be  less  than  blood,  but  probably  greater  than  the  hemoglo¬ 
bin  solutions.  It  is  probable  that  the  first  generation  and  the  encapsu¬ 
lated  products  will  exist  in  the  market  place  concurrently,  because  the 
encapsulated  substance  may  not  be  as  useful  for  the  perfusion  indica¬ 
tions  listed  for  the  soluble,  non-encapsulated  material. 

It  is  when  this  longer  half  life  material  is  licensed  that  significant 
change  will  occur  in  the  blood  centers  of  the  world.  If  the  longer  half-life 
material  is  licensed  before  viral,  protozoal  and  bacterial  inactivation 
technologies  are  introduced,  then  the  demand  for  the  substitute  will  be 
very  great.  Usage  will  vary  with  cost,  logistics  of  administration  and 
storage  and  safety  of  the  product.  The  company  with  the  first  substitute 
will  establish  pricing  which  will  become  the  target  for  the  other  red  cell 
substitute  companies  and  for  the  viral  inactivation  technologies  when 
they  are  introduced.  If,  on  the  other  hand,  treatment  of  red  cells  to  re¬ 
duce  the  risk  of  infectious  disease  transmission  is  routine  when  this 
longer  half-life  material  is  introduced,  the  demand  will  be  less  and  will 
be  more  a  function  of  cost  and  ease  of  use  and  storage.  Whichever  the 
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order  of  introduction,  treatment  to  reduce  the  risk  of  transmission  of  in¬ 
fectious  disease  is  a  competing  technology  for  the  red  cell  substitutes. 

Eventually,  red  cell  substitutes  will  contain  hemoglobin  made  by  recom¬ 
binant  technology.  When  this  is  accomplished,  a  new  standard  for  infec¬ 
tious  disease  risk  will  be  established.  The  recombinant  red  cell  substi¬ 
tute  will  probably  be  considered  to  have  the  best  risb/benefit  ratio. 


1 .5  The  Source  of  the  Red  Cell  Substitute 

The  introduction  of  a  red  cell  substitute  will  affect  the  activities  of  blood 
banks  and  blood  bankers  worldwide  by  reducing  patient  demand  for 
classic  blood  components.  As  we  have  seen,  it  is  likely  that  the  half  life  of 
the  first  generation  of  materials  licensed  will  be  short  and  there  may  be 
only  slight  overlap  in  use  and  reduction  in  demand  for  donated  blood 
components.  When  substances  that  reproduce  physiology  more  precisely 
are  licensed,  they  will  replace  current  red  cell  containing  components. 

Another  impact  of  the  introduction  of  red  cell  substitutes  will  be  on  or¬ 
ganizations  providing  the  source  material  for  the  licensed  product.  If  the 
material  is  human  hemoglobin,  then  the  impacts  on  blood  centers  would 
be  different  than  if  the  material  is  synthetic  or  animal.  If  red  cell  substi¬ 
tutes  do  not  require  human  red  cells  at  any  point  in  their  manufacture, 
then  the  predominant  indication  for  collecting  human  blood  after  the 
long  half-life  substitutes  are  approved  would  be  for  platelets  and  plasma 
proteins. 

The  red  cell  substitute  can  be  synthesized  from  chemicals  unrelated  to 
hemoglobin  as  in  the  case  of  perfluorocarbons.  Use  of  these  substances 
would  decrease  the  demand  for  human  blood  donations.  If  their  indica¬ 
tions  are  primarily  new,  then  they  may  have  little  impact  on  the  demand 
for  human  blood  donations.  It  is  less  likely  that  a  perfluorocarbon-based 
red  cell  substitute  will  reproduce  normal  physiology  than  a  substitute 
based  on  hemoglobin  will. 

The  red  cell  substitute  could  be  hemoglobin-based  but  manufactured 
from  animal  red  cells.  The  animal  source  (bovine  or  porcine,  possibly) 
would  be  less  expensive  than  other  sources,  but  handling  licensure,  im- 
munogenicity,  allergy  and  the  risk  of  infectious  disease  with  these  sub¬ 
stances  would  provide  new  challenges  for  developers  and  regulators.  Li¬ 
censure  of  a  red  cell  substitute  containing  animal  hemoglobin  would 
decrease  the  demand  for  human  blood  donations  proportional  to  the  de¬ 
gree  to  which  the  indication  for  their  use  matches  the  uses  of  classic  red 
cell  containing  components. 

Recombinant  technology  would  be  attractive  because  it  could  lead  to  the 
selection  and  production  of  precisely  the  right  molecule  and  because  the 
infectious  disease  risk  might  be  smaller  than  that  accompan5dng  even 
the  best  technology  which  inactivates  microorganisms.  It  is  this  feature 
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which  makes  a  recombinant  source  of  hemoglobin  the  definitive  source 
for  the  later  generations  of  hemoglobin-based  red  cell  substitutes.  The 
development  of  S3mthetic  molecules  would  likely  be  slower  and  more 
costly  to  accomplish  in  a  cGMP  fashion.  Either  recombinant  or  modified 
animal  hemoglobin  could  be  encapsulated.  When  a  synthetic  red  cell 
substitute  is  licensed,  there  will  be  a  reduction  in  demand  for  human 
whole  blood  donations  both  as  source  material  and  for  direct  transfusion. 
The  impact  on  blood  centers  would  be  profound. 

It  is  likely  that  for  an  interim  period,  the  most  desired  red  cell  substitute 
might  be  based  on  human  hemoglobin,  and  if  that  is  the  case,  there 
would  be  two  indications  for  the  collection  of  whole  blood  donations,  1)  to 
obtain  red  cells,  platelets,  plasma  and  whole  blood  for  transfusion;  2)  to 
obtain  hemoglobin  to  manufacture  red  cell  substitutes.  Because  the  pro¬ 
duction  of  substitutes  will  undoubtedly  lead  to  losses  of  hemoglobin,  the 
production  of  red  cell  substitutes  will  require  more  donations  than  the 
production  of  an  equivalent  dose  of  red  cells  for  transfusion.  This  interim 
period  has  already  begun  in  one  sense  because  of  the  high  level  of  re¬ 
search  and  development  in  the  field  of  red  cell  substitutes.  Currently, 
much  research  and  development  work  is  being  done  with  the  hemoglobin 
obtained  from  outdated  volunteer  red  cell  and  whole  blood  units,  but  it  is 
not  reasonable  to  think  that  outdated  red  cells  would  ever  be  sufficient  if 
a  product  is  licensed.  The  aggressive  use  of  a  human  hemoglobin-based 
red  cell  substitute  will  create  the  demand  for  a  new  service,  the  collec¬ 
tion  of  red  cells  for  further  manufacture.  What  policies  would  control  this 
activity? 

1.5. 1  Red  Cell  Collection  by  Nonprofit  Blood  Centers 

The  greatest  unchallenged  claims  for  safety  would  exist  if  the  source  of 
the  hemoglobin  for  further  manufacture  during  this  interim  period  was 
volunteer,  altruistic,  non-remunerated  blood  donors.  The  public  and  po¬ 
tential  patient  population  are  aware  that  volunteer  blood  is  safer. 
Switching  to  paid  donors  might  generate  concern  and  would  probably  re¬ 
quire  defensive  communication.  While,  with  current  processes  to  seques¬ 
ter,  kill  and  remove  microorganisms  during  fractionation,  there  is  no  evi¬ 
dence  that  volunteer  plasma  derivatives  are  safer  than  plasma 
derivatives  based  on  source  plasma  from  paid  donors,  in  the  future  such 
evidence  might  become  available.  If  that  should  happen,  it  would  be  ap¬ 
propriate  to  provide  red  cell  substitutes  manufactured  from  volunteer 
red  cells.  It  is  not  the  current  practice,  but  regulatory  agencies  could 
make  the  volunteer  source  of  red  cells  more  attractive  by  requiring  a 
source  label  as  is  done  currently  for  cells  and  plasma  for  transfusion. 
The  U.S.  FDA  requires  that  each  blood  bag  carry  a  label  that  either  says 
VOLUNTEER  or  PAID  to  indicate  to  the  recipient  the  source  of  blood  be¬ 
ing  transfused.  The  FDA  does  not  require  the  same  labeling  of  plasma 
derivatives  because  they  are  treated  to  reduce  or  eliminate  the  perceived 
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difference  in  safety  of  the  starting  materials.  It  is  possible  that  the  FDA 
could  establish  this  labeling  standard  for  the  red  cell  substitutes. 

Finally,  there  is  a  clear  perception  among  the  governments  and  some 
blood  banking  professionals  in  Europe  and  Japan  that  volunteer  plasma 
derivatives  are/would  be  safer  than  plasma  derivatives  from  paid  donors. 
The  result  of  the  European  (and  Japanese)  initiative  to  have  all  plasma 
derivatives  come  from  volunteer,  non-remunerated,  altruistic  donors  is 
not  clear  (European  Union  Directive  1989).  Some  professionals  believe 
that  these  countries  will  be  successful  in  this  effort  and  that  by  doing  so, 
will  establish  a  new  world  standard  of  safety  for  plasma  derivatives.  If 
that  were  to  happen,  it  would  be  hard  to  imagine  that  the  same  standard 
would  not  apply  to  source  hemoglobin  for  red  cell  substitutes.  Others 
point  out  that  there  are  currently  no  data  to  show  that  derivatives  from 
volunteer  sources  are  safer.  They  also  say  that  the  current  European 
project  would  require  dramatic  changes  in  practice  and  investments  of 
huge  resources.  They  privately  predict  that  Europe  will  never  achieve  its 
goal  of  meeting  all  needs  with  plasma  derivatives  from  volunteers.  Their 
prediction  is  that  this  movement  will  fade  and  will  not  require  a  volun¬ 
teer  source  of  hemoglobin  for  red  cell  substitutes. 

To  conclude  this  analysis,  it  might  be  appropriate  to  ask  if  the  U.S.  blood 
centers  could  possibly  provide  vastly  increased  quantities  of  blood  to 
5deld  the  hemoglobin  for  further  manufacture  if  they  were  requested  to 
do  so.  The  blood  centers  would  want  to  supply  the  hemoglobin.  As  the  de¬ 
mand  for  their  traditional  services  is  eroded,  providing  hemoglobin 
would  replace  the  lost  activity  and  would  be  temporary  protection  for 
nonprofit  centers.  Currently,  there  is  an  intense  internal  focus  in  Ameri¬ 
can  blood  banking.  Many  organizations  are  consumed  with  regulatory 
compliance  and  meeting  internal  and  external  quality  standards.  Fi¬ 
nances  are  a  significant  problem  in  some  communities.  There  has  been  a 
great  deal  of  difficulty  maintaining  blood  supplies  adequate  to  meet  the 
demands  of  current  customers.  It  is,  therefore,  a  stretch  to  accept  that 
U.S.  blood  centers  could,  within  the  next  five  years,  easily  provide  the 
source  hemoglobin  from  volunteers  even  in  the  unlikely  event  that  qual¬ 
ity  standards  require  it.  The  conditions  in  other  parts  of  the  developed 
world  may  be  more  conducive. 

1.5.2  Red  Cell  Collection  by  the  Manufacturers  or  by  Contract 

If  the  hemoglobin  is  not  to  come  from  nonprofit  blood  centers,  from 
where  would  it  come?  The  logistics  of  suppl5ring  the  source  hemoglobin 
from  paid  donors  are  probably  simpler  and  the  supply  may  be  less  costly 
as  well.  It  costs  less  to  pay  donors  than  to  recruit  volunteers  and  main¬ 
tain  regular  donations.  Productivity  in  commercial  source  plasma  cen¬ 
ters  is  much  higher  than  in  the  nonprofit  collection  centers  for  whole 
blood  or  for  plasma  and  platelets.  While  the  permitted  frequency  of 
plasma  donation  contributes  to  that  productivity  and  "hemoglobin"  dona- 
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tions  could  not  be  made  as  frequently,  the  source  plasma  centers  would 
still  have  an  advantage  in  providing  low  cost  source  material.  There  is 
automated  technology  for  plasmapheresis  that  is  attractive  to  the  donors 
and  maintains  product  quality.  Similar  technology  might  be  made  avail¬ 
able  for  the  collection  of  red  cells  and  plasma  simultaneously.  In  effect, 
if  such  technology  were  to  be  introduced,  the  fixed  cost  of  the  source 
plasma  collection  could  be  spread  over  a  broader  base  of  activity,  which 
would  generate  greater  revenue.  Finally,  the  closer  control  of  the  source 
of  the  hemoglobin  by  the  manufacturers  and  organizations  with  which 
they  are  used  to  dealing  would  remove  the  need  to  establish  new,  and 
probably  difficult,  relationships  with  nonprofit  blood  centers. 

It  is  not  clear  whether  source  hemoglobin  will  come  from  volunteers  or 
paid  donors,  but  a  paid  source  seems  more  probable.  If,  however,  the  he¬ 
moglobin  comes  from  volunteer  donors,  then  it  is  most  likely  that  the  col¬ 
lection  would  be  done  by  the  current  nonprofit  blood  centers.  It  is  said 
that  volunteers  will  not  freely  give  their  blood  to  a  profit  making  organi¬ 
zation,  because  their  gift  would  be  turned  into  another  person’s  profit. 
This  old  saw  has  never  been  tested  sufficiently  to  be  sure  about  its  appli¬ 
cability  to  the  current  issue.  Nevertheless,  it  is  reasonable  to  assume 
that  the  requirement  for  a  volunteer  source  of  hemoglobin  would  mean 
that  the  nonprofits  would  have  to  collect  it.  If  so,  the  new  demand  for  red 
cells  will  provide  a  very  significant  challenge  for  the  nonprofit  blood  cen¬ 
ters.  It  will  depend  on  the  adoption  of  new  automated  technologies.  The 
successful  program  will  require  major  change  in  their  management  and 
culture. 

If  on  the  other  hand,  the  supply  of  hemoglobin  is  provided  by  the  source 
plasma  centers,  the  impact  on  their  operation  will  be  significant  but  far 
smaller.  If  the  hemoglobin  comes  from  paid  sources,  as  the  applications 
for  the  red  cell  substitutes  grow,  the  nonprofit  blood  centers  will  be  re¬ 
quested  to  collect  fewer  units  of  blood.  In  addition,  the  licensure  of  a  long 
half-life  red  cell  substitute  would  decrease  the  demand  for  current  red 
cell  products  for  transfusion  and  force  further  downsizing  of  the  nonprof¬ 
its.  They  will  be  required  to  reconfigure  the  collections  operations  to  em¬ 
phasize  platelets  and  plasma  for  transfusion.  Finally,  when  recombinant 
technology  provides  the  hemoglobin  in  the  substitute,  the  blood  and 
source  hemoglobin/plasma  centers  will  only  be  in  the  business  of  provid¬ 
ing  platelets  and  plasma.  It  is  not  inconceivable  that  the  productivity 
and  the  safety  of  the  red  cell  substitutes  and  the  plasma  derivatives 
might  push  the  source  plasma/red  cell  centers  into  the  collection  of  plate¬ 
lets  for  transfusion  as  well.  This  latter  possibility  would  become  more 
likely  if  there  were  an  effective  platelet  viral  inactivation  procedure. 
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1.6  Impact  on  Developing  Countries 

When  viewing  the  progress  of  technology  in  developing  countries,  it  is 
tempting  to  picture  the  reproduction  of  the  technologies  and  the  proce¬ 
dures  that  are  so  successfhl  in  the  developed  countries.  Indeed,  that  is 
likely  to  be  the  result  sought  by  those  helping  the  developing  countries 
and  by  the  professionals  in  those  countries  as  well.  One  might  conclude 
that  if  the  procedures  and  technologies  work  in  the  U.S.  or  Japan,  they 
would  have  to  be  best  for  a  developing  country  as  well.  This  then  be¬ 
comes  the  path  of  least  resistance  for  the  source  of  the  aid,  and  it  is  a 
path  which  is  very  much  desired  by  the  professionals  in  the  developing 
country.  The  issue  may  not  be  so  simple  and  deserves  a  second  look. 

1.6. 1  The  Situation  in  Each  Country  is  Unique 

The  infectious  disease  challenges  faced  in  each  country  will  not  be  the 
same.  And  it  is  not  just  a  matter  of  having  to  do  different  tests.  In  some 
countries  the  frequency  of  infection  among  "healthy"  donors  is  so  high  as 
to  make  testing  very  unattractive.  Sorting  the  undesirable  blood  and 
preventing  its  use  would  be  a  challenge  and,  of  course,  the  number  of 
tests  per  "desirable"  unit  would  be  very  high.  In  addition,  the  system  to 
keep  track  of  donor  test  information  is  required  with  current  enzyme- 
linked  immunoassays  and  confirmatory  tests  because  the  result  of  a  pre¬ 
vious  test  influences  the  handling  of  subsequent  donated  units.  This  is 
not  only  a  significant  expense  but  would  provide  a  logistic  challenge  in 
many  places.  Once  infected  donors  are  discovered,  a  major  burden  for 
their  welfare  is  placed  on  the  Transfusion  Medicine  resource  that  could 
prevent  appropriate  growth.  This  present  system  is  not  completely  satis¬ 
factory  even  in  the  U.S.,  and  it  is  very  costly.  Many  professionals  want 
an  opportunity  to  find  a  new  system  to  provide  safe  blood. 

Developing  countries  will  have  limited  resources  to  start  and  maintain 
blood  transfusion  systems.  If  their  resources  cannot  support  the  estab¬ 
lishment  of  multi-tiered  safeguards,  which  are  in  fashion  in  the  West  at 
present,  these  countries  must  still  make  an  investment  to  achieve  the 
maximum  quality  possible  with  available  resources.  If  they  set  up  sys¬ 
tems  designed  for  their  specific  needs,  they  may  just  achieve  adequate 
safety  at  a  much  lower  cost. 

Given  the  conditions  in  underdeveloped  countries,  how  will  the  emerging 
technologies  provide  them  opportunities  to  implement  safe  transfusion 
systems  in  support  of  the  rest  of  health  care?  Will  viral  inactivation  and 
red  cell  substitutes  have  a  place?  Will  these  countries  use  these  technolo¬ 
gies  in  the  same  fashion  that  they  are  used  in  the  West?  The  answers  to 
these  questions  should  be  different  in  each  country.  In  the  U.S.,  there  is 
likely  to  be  a  period  when  blood  is  obtained  from  thoroughly  tested  and 
screened  volunteers  and  then  decontaminated  to  remove  all  microorgan¬ 
isms.  In  developing  countries,  it  is  possible  that  viral  inactivation  would 


Transfusion  Alternatives:  Impact  on  Bloodbanking  Worldwide 


17 


be  used  without  as  much  investment  in  donor  or  blood  screening.  It  is 
possible  that  red  cell  substitutes  will  be  applied  in  more  clinical  situ¬ 
ations  than  in  developed  countries  because  of  the  ease  of  storage  and  ad¬ 
ministration. 

When  systems  to  inactivate  a  broad  range  of  infectious  microorganisms 
are  mature,  these  might  be  especially  attractive  to  countries  that  have  a 
high  frequency  of  carriers  for  diseases  transmissible  by  blood.  Technol¬ 
ogy  to  kill  infectious  agents  would  be  more  productive  than  technology  to 
test  for  these  organisms,  because  the  frequency  of  unacceptable  units 
will  be  high.  This  technology  could  support  a  safe  blood  program  before 
public  health  efforts  eradicate  endemic  diseases  transmitted  by  blood. 

Red  cell  substitutes  will  also  be  evaluated  differently  in  developing  coun¬ 
tries.  Their  use  obviously  will  depend  on  the  needs.  During  the  period 
when  only  short  half-life  substitutes  are  available,  use  might  be  limited. 
Once  the  half  life  of  the  red  cell  substitutes  increases,  the  substitutes 
could  be  the  most  logistically  feasible  way  to  support  the  health  care  sys¬ 
tem  in  some  communities.  If  the  developing  countries  can  afford  the  sub¬ 
stitutes,  they  will  probably  have  wider  applications  than  in  the  devel¬ 
oped  countries. 

In  this  chapter  we  cannot  evaluate  the  circumstances  of  eveiy  develop¬ 
ing  country  and  predict  how  the  new  technologies  will  influence  the  im¬ 
provements  in  health  care  in  each.  What  is  important,  however,  is  to 
note  that  new  technologies  increase  the  probability  of  building  a  system 
designed  for  the  circumstances  of  each  country.  This  may  take  coordina¬ 
tion  of  the  developers  of  technologies  and  health  service  agencies  that 
are  responsible  for  helping  transfusion  services  of  developing  countries. 
The  need  in  these  countries  is  great  and  until  there  is  the  possibility  of 
"good  business,"  it  is  not  likely  that  the  appropriate  resources  can  be  co¬ 
ordinated.  Once  that  coordination  is  occurring,  lives  will  be  saved. 


1.7  Summary  and  Conclusions 

The  critical  message  for  health  care  planners  today  is  that  there  is  prob¬ 
ably  more  potential  change  in  Transfusion  Medicine  than  can  be  fol¬ 
lowed  and  more  than  was  present  at  any  other  time  in  the  history  of 
Transfusion  Medicine.  This  change  is  primarily  in  the  technologies  used 
within  the  specialty  and  in  response  to  changes  elsewhere  in  health  care. 
Safety  and  cost  are  the  prime  drivers.  Viral  inactivation  and  red  cell  sub¬ 
stitutes  are  being  pursued,  at  least  partially,  because  of  a  public  percep¬ 
tion  that  blood  is  not  as  safe  as  it  should  be.  The  public’s  dissatisfaction 
is  not  based  on  objective  assessment  or  comparison  to  an  accepted  stan¬ 
dard  for  the  safety  of  blood  components.  While  there  is  much  room  for 
improvement  in  the  safety  and  efficacy  of  blood  components,  they  are 
safer  than  the  public  thinks.  The  new  technologies  will  be  more  reassur- 
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ing  to  the  public  and  provide  more  protection  against  known  and  un¬ 
known  microorganisms.  The  new  platform  will  be  better  because  blood 
components  will  be  designed  to  accomplish  a  specific  purpose.  Effects 
other  than  the  desired  ones  will  be  much  better  controlled.  Possible  con¬ 
taminants  will  be  more  effectively  eliminated.  Infectious  agents  can  be 
kept  out  of  the  components  during  manufacture.  This  is  far  better  than 
testing  and  sorting  to  remove  the  unacceptable  units.  But  the  actual  de¬ 
crease  in  risk  will  be  small,  and  the  odds  of  getting  a  disease  from  a 
blood  component  in  a  developed  country  will  go  from  low  to  slightly 
lower. 

The  stresses  on  blood  center  and  system  managers  trying  to  respond  to 
weaknesses  are  great.  They  will  increase  because  of  health  care  reform, 
attention  to  cost,  competition  and  new  technologies.  Over  the  next  years, 
significant  forces  will  challenge  the  currently  stable  condition  of  non¬ 
profit  regional  blood  centers. 

The  technologies  on  the  horizon  have  a  great  potential  to  improve  the 
situation  of  today’s  transfusion  recipients.  One  of  the  biggest  potential 
impacts  is  in  the  developing  countries.  While  there  is  still  a  serious 
shortage  of  resources  in  most  of  these  countries,  without  these  new  tech¬ 
nologies,  there  may  be  no  cost-effective  way  to  proceed.  Once  red  cell 
substitutes  and  blood  decontamination  are  available,  there  will  be 
clearer  paths  to  accomplishing  the  goals  of  safe,  adequate  and  effective 
blood  supplies.  As  health  care  is  improved  and  more  resources  are  allo¬ 
cated  in  these  areas,  the  potential  technologies  may  be  introduced  suc¬ 
cessfully  in  these  countries  with  an  enormous  relative  increase  in  the 
safety  of  the  recipient  of  blood  components. 
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2.1  Introduction 

The  FDA  is  charged  with  ensuring  that  drugs  and  biologies  are  pure,  po¬ 
tent,  safe  and  effective.  In  this  brief  discussion,  we  will  consider  the 
regulatory  basis  for  the  demonstration  of  clinical  efficacy  required  by 
FDA.  We  will  also  discuss  the  nature  and  variety  of  clinical  trial  end¬ 
points. 


2.2  Federal  Regulations 

The  Code  of  Federal  Regulations  speaks  directly  to  the  issue: 

"Effectiveness  means  a  reasonable  expectation  that,  in  a 
significant  proportion  of  the  target  population,  the 
pharmacological  or  other  effect  of  the  biological  product ... 
will  serve  a  clinically  significant  function  in  the  diagnosis, 
cure  mitigation,  treatment  or  prevention  of  disease  in 
man."  (  21  CFR  601.25(d)(2)) 

We  need  to  pay  special  attention  to  the  term  "clinically  significant  func¬ 
tion",  which  I  have  underlined  for  emphasis.  This  means  that  the  agent 
under  evaluation  must  be  shown  to  clinically  benefit  the  patient  popula¬ 
tion  that  is  being  studied.  Put  another  way,  the  primary  endpoint  of  the 
pivotal  clinical  trial  that  is  intended  to  support  approval  must  be  a  direct 
measurement  of  the  clinical  benefit  of  the  agent.  There  are  a  limited 
number  of  t5q)es  of  endpoints  that  satisfy  the  above  definition:  1)  in¬ 
crease  survival  of  the  study  population;  2)  provide  measurable  sympto- 
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matic  relief  to  the  study  population;  3)  prevent  or  slow  the  progression 
of  disease.  In  many  cases,  it  is  not  possible  to  make  measurements  of 
such  direct  endpoints,  and  investigators  seek  to  substitute  a  more  read¬ 
ily  measured  entity  as  a  surrogate  for  a  clinical  endpoint.  The  authority 
to  use  such  an  alternative  is  also  contained  in  the  Code  of  Federal  Regu¬ 
lations: 

"Proof  of  effectiveness  shall  consist  of  controlled  clinical  in¬ 
vestigations  ...  unless  this  requirement  is  waived  on  the  ba¬ 
sis  of  showing  that  it  is  not  reasonably  applicable  to  the  bio¬ 
logical  product  or  essential  to  the  validity  of  the 
investigation  and  that  an  alternative  method  of  investiga¬ 
tion  is  adequate  to  substantiate  effectiveness.  Alternative 
methods  ...  may  be  adequate  ...  where  a  previously  accepted 
correlation  between  data  generated  in  this  way  and  clinical 
effectiveness  already  exists."  (21  CFR  601.25(d)(4)) 


2.3  Surrogate  Endpoints 

Such  a  surrogate  endpoint  of  a  clinical  trial  is  a  laboratory  measurement 
or  physical  sign  that  is  a  substitute  for,  and  is  expected  to  correlate  with, 
a  clinically  meaningful  endpoint  that  directly  measures  how  a  patient 
feels,  functions  or  survives.  Hypertension  is  a  surrogate  marker  for 
hypertensive  cardiovascular  disease,  an  example  we  shall  return  to 
later. 

There  are  two  principal  risks  in  using  a  surrogate  endpoint:  1)  the  clini¬ 
cally  meaningful  endpoint  may  not  actually  correlate  with  the  proposed 
surrogate,  even  though  it  was  thought  to  do  so.  In  this  case,  adverse 
consequences  of  the  drug  are  a  clear  net  loss;  2)  the  surrogate  may,  in 
fact,  correspond  to  a  real  benefit,  but  the  drug  may  have  serious  undesir¬ 
able  consequences  as  well  as  the  effect  on  the  surrogate,  complicating 
evaluation  of  the  true  risk:benefit  ratio  for  the  agent  under  investiga¬ 
tion. 

In  general,  surrogate  endpoints  can  be  considered  when  there  is  suffi¬ 
cient  knowledge  of  the  disease  treated  and  the  agent  under  investiga¬ 
tion,  when  the  feasibility  of  performing  meaningful  clinical  trials  is  poor, 
and  when  the  overall  risk:benefit  situation  justifies  such  use. 

A  few  specific  examples  of  surrogate  clinical  trial  endpoints  will  help  to 
illustrate  the  above  concepts.  Hypertension  is  known,  by  virtue  of  exten¬ 
sive  clinical  studies  and  experience,  to  be  a  causative  factor  in  cardiac 
and  cerebral  vascular  disease.  Similarly,  measures  that  decrease  the 
blood  pressure  of  a  h5q)ertensive  population  have  clearly  been  shown  to 
decrease  the  incidence  of  those  diseases.  Agents  which  lower  blood  pres¬ 
sure  have  been  accepted  as  effective  agents  for  prevention  of  cardiac  and 
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cerebral  vascular  disease  and,  therefore,  to  have  a  clinical  benefit.  This 
correlation  is  based  on  extensive  clinical  and  experimental  data. 

Coagulation  factors  intended  for  use  in  treating  patients  with  hemo¬ 
philia  have  been  used  for  many  years.  In  the  case  of  hemophilia  A,  a 
therapeutic  factor  concentrate  that  increases  the  in  vitro  assay  for  factor 
VIII  will  also  increase  the  factor  VIII  level  when  infused  into  a  patient, 
and  extensive  studies  have  shown  that  this  set  of  circumstances  will  per¬ 
mit  that  patient  to  withstand  more  severe  hemostatic  challenges  (e.g., 
surgery,  dental  extraction)  than  if  the  infusion  had  not  been  given.  Ac¬ 
cordingly,  coagulation-factor  products  prepared  using  modified  proce¬ 
dures  {e.g.,  more  extensive  viral  inactivation  measures)  have  heen  ap¬ 
proved  on  the  basis  of  in  vitro  demonstrations  and  pharmacodynamic 
studies  in  patients.  An  interesting  addendum  to  this  example  is  the  ob¬ 
servation  that,  in  the  case  of  the  new  recombinant  factor  VIII  prepara¬ 
tions,  additional  studies  were  needed,  since  the  agent  was  not  as  well 
known,  and  other  concerns  were  raised  (such  as  possible  increased  anti¬ 
body  formation). 

A  final  example  of  the  use  of  surrogate  endpoints  may  be  obtained  by  ex¬ 
amining  the  approval  of  recombinant  erythropoietin  (r-EPO).  This  agent 
was  studied  in  patients  with  chronic  renal  failure,  most  of  whom  re¬ 
quired  transfusions  to  maintain  their  hemoglobin  levels  at  a  suitable 
level.  The  endpoints  accepted  for  approval  were  the  achievement  and 
maintenance  of  a  target  hemoglobin  level  and  a  decrease  in  the  need  for 
allogeneic  transfusions.  Since  EPO  stimulates  the  formation  of  red  cells, 
and  since  the  beneficial  effect  of  red  cell  transfusions  was  well  known 
from  extensive  clinical  experience,  the  use  of  a  hemoglobin  level  as  a  sur¬ 
rogate  endpoint  is  understandable.  Because  of  the  concerns  about  the 
unwanted  infectious  and  immunologic  adverse  reactions  to  allogeneic 
transfusion,  decreasing  the  need  for  such  transfusion  is  a  valid  surrogate 
endpoint. 

There  are  other  situations  that  exemplify  the  limits  of  surrogate  end¬ 
points,  such  as  the  CAST  study  (Cardiac  Arrh5d:hmia  Suppression  Trial). 
This  study  involved  drugs  that  suppressed  extrasystolic  ventricular  con¬ 
tractions.  We  know  that  people  with  these  arrhythmias  are  at  increased 
risk  of  death  following  a  heart  attack,  so  intuitively  it  seemed  that  a  re¬ 
duction  in  irregular  heartbeats  would  predict  reduced  mortality.  In  fact, 
the  drugs  that  reduced  arrhythmias  were  associated  with  a  250%  in¬ 
crease  in  mortality,  related  to  other  effects  of  the  agents  used. 

Sometimes,  the  opposite  scenario  unfolds,  as  was  the  case  with  the  use 
of  gamma  interferon  for  chronic  granulomatous  disease  (CGD).  Investi¬ 
gators  expected  the  agent  to  affect  superoxide  production  and  thereby 
render  a  favorable  effect  on  CGD  patients.  The  trial  was  begun,  and  al¬ 
though  there  was  no  effect  on  superoxide,  the  patients  showed  clear 
clinical  improvement,  a  phenomenon  yet  to  be  fully  explained  (Interna¬ 
tional  Chronic  Granulomatous  Disease  Cooperative  Study  Group  1991). 
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2.4  Efficacy  versus  Activity 

We  should  complete  this  discussion  by  again  referring  to  two  elements  of 
clinical  studies  that  are  often  confused: 

•  Efficacy  is  demonstrated  by  production  of  a  clinical  benefit. 

•  Activity  is  demonstrated  by  results  obtained  in  a  biological  or  chemi¬ 
cal  or  physical  assay. 

In  the  evaluation  of  red  cell  substitutes,  an  increased  oxygen  tension  or  a 
higher  hemoglobin  level  after  infusion  of  a  hemoglobin  solution  would  be 
demonstrations  of  chemical  or  biologic  activity.  Improved  function  of  an 
organ  as  the  result  of  perfusion  with  a  test  material  could  be  a  measure 
of  efficacy,  depending  upon  the  context  of  the  study. 

In  order  to  facilitate  the  design  of  red  cell  substitute  studies,  FDA  pro¬ 
posed  stratification  of  potential  indications,  e.g.,  local  perfusion,  periop¬ 
erative  use  and  hemorrhagic  shock  (Center  for  Biologies  Evaluation  and 
Research  1994).  Improved  organ  function  has  been  used  for  approval  of 
Fluosol  in  local  perfusion  of  the  coronary  arteries  during  angioplasty. 
Clinical  benefit  in  hemorrhagic  shock  will  probably  require  demonstra¬ 
tion  of  decreased  mortality  as  related  to  the  particular  circumstances  in¬ 
volved.  For  perioperative  use,  one  might  consider  that  the  standards  of 
current  medical  practice  consider  allogeneic  red  cell  transfusion  an  out¬ 
come  to  be  avoided.  Therefore,  if  use  of  a  test  agent  can  be  shown  to  de¬ 
crease  dependence  on  allogeneic  transfusion,  the  agent  would  provide  a 
clinical  benefit  and  would  be  considered  "effective". 


2.5  Summary 

In  summary,  demonstration  of  the  efficacy  of  red  cell  substitutes  must 
follow  the  same  approaches  required  for  other  drugs  and  biologies.  The 
situation  with  red  cell  substitutes  is  complicated  by  several  factors:  1) 
the  biological  behavior  of  the  test  agents  is  not  well  understood;  2)  the 
basis  for  the  efficacy  of  red  cell  transfusion,  while  accepted,  is  not  readily 
explained  in  many  instances;  3)  red  cell  transfusions  are  quite  safe,  de¬ 
spite  contrary  public  perception,  thereby  making  a  satisfactory 
risk:benefit  state  more  difficult  to  attain.  While  there  are  some  unique 
difficulties  associated  with  demonstrating  the  efficacy  of  red  cell  substi¬ 
tutes,  the  intense  interest  in  the  field  and  the  rapidly  increasing  under¬ 
standing  of  the  underljdng  biology  support  the  contention  that  this  effort 
will  ultimately  be  successful. 
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ABSTRACT 

Allogeneic  blood  for  transfusion  is  now  rigorously  tested  and  the  risk 
of  contamination  with  pathogens  is  extremely  low.  The  decision  to 
transfuse  a  given  patient  should  be  based  on  the  need  for  transfusion, 
not  just  on  an  estimation  of  the  risks.  Transfusion  requirements  need 
to  be  understood  on  physiological  grounds,  but  there  is  no  clear-cut 
"transfusion  trigger"  that  emerges  from  this  understanding.  Rather,  the 
clinician  must  combine  physiologic  parameters  such  as  PVO2,  SvC^, 
O2  extraction  ratio  and  VO2  (when  available)  with  clinical  signs  and 
symptoms  to  provide  a  rationale  for  transfusion  of  individual  patients. 


3.1  Introduction 

For  many  years,  if  a  preoperative  patient’s  hemoglobin  was  less  than  10 
g/dl  he  received  at  least  2  units  of  packed  red  cells  or  whole  blood,  in 
spite  of  the  well  known  fact  that  many  patients  tolerate  modest  anemia 
quite  well  (Mollison  1983).  The  rationale  for  such  transfusions  was  that 
an  Og  reserve  needed  to  be  maintained  so  that  if  unexpected  (or  ex¬ 
pected)  blood  loss  occurred  during  surgery,  the  patient  would  be  in  less 
danger  of  suffering  deficient  Og  delivery  to  tissue. 

In  the  early  1980’s  the  medical  and  lay  communities  became  acutely 
aware  of  the  infectious  risks  of  blood  transfusion.  The  possibilities  of 
mismatch  or  contaminated  units  have  always  been  appreciated,  but  the 
new  specter  of  AIDS  transmission  by  banked  blood  forced  critical  atten¬ 
tion  to  the  indications  for  red  cell  transfusion.  Today,  these  risks,  to¬ 
gether  with  the  growing  economic  concerns  over  optimal  use  of  blood  and 
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blood  products,  are  sharpening  our  attention  to  the  indications  for  red 
cell  transfusion. 

Because  of  extensive  quality  control  testing,  the  nation’s  red  cell  supply 
is  safer  now  than  it  ever  has  been  in  the  past  (Dodd  1992).  But,  as 
pointed  out  in  the  chapter  by  Tomasulo  (1995),  it  is  impossible  to  specify 
all  of  the  components  in  a  unit  of  red  blood  cells,  and  the  likelihood  that 
such  specification  will  ever  be  possible  is  remote.  Thus,  we  cannot  deny 
that  new,  as  yet  undiscovered,  dangerous  infectious  agents  might  be 
transmitted  by  blood  transfusion,  and  we  are  obliged  to  endeavor,  as  cli¬ 
nicians,  to  transfuse  only  when  there  is  a  clear  clinical  indication. 

The  "transfusion  trigger"  is  that  event  or  set  of  events  which  results  in  a 
patient’s  receiving  a  red  cell  transfusion.  Excellent  recent  discussions 
have  been  published  regarding  the  transfusion  trigger  (Stehling  and  Si¬ 
mon  1994,  American  College  of  Physicians  1992,  Goodnough  et  al.  1992, 
Levine  et  al.  1990),  and  numerous  conferences  have  been  held  to  attempt 
to  set  up  specific  guidelines  or  algorithms  whereby  clinicians  can  make 
objective  decisions  regarding  the  use  of  red  cells  (NIH  Consensus  Confer¬ 
ence  1988).  Nevertheless,  there  remains  no  such  guideline  which  would 
reliably  serve  a  clinician  who  is  not  familiar  with  the  basic  principles  of 
Og  transport  physiology. 

It  is  my  contention  that  even  if  blood  were  entirely  safe  in  terms  of 
transmission  of  infectious  agents,  good  medical  practice  would  dictate 
that  red  cells  are  transfused  only  when  there  is  a  good  clinical  indica¬ 
tion.  This  implies  an  understanding  of  the  basic  principles  of  O2  trans¬ 
port  physiology  as  it  applies  to  red  cell  transfusions,  and  the  purpose  of 
this  chapter  is  to  review  these  principles. 


3.2  Oxygen  Transport:  Definition  of  Terms 

Global  (sometimes  called  convective,  as  opposed  to  capillary  or  diffusive) 
O2  transport  is  the  product  of  the  blood  flow  (cardiac  output)  and  the  dif¬ 
ference  between  arterial  and  mixed  venous  blood  O2  content.  This  rela¬ 
tionship  is  simply  a  statement  of  the  well-known  Fick  equation: 


(1)  VO2  =  QxiCaO^-  CvG^) 


Where  ^62  is  the  O2  utilized  by  the  body,  Qis  the  cardiac  output,  Ca02 
and  Cv02are  the  arterial  and  mixed  venous  O2  contents,  respectively. 

Diffusive  O2  uptake  in  the  lung  (see  Figure  3.1)  is  described  by  the  diffu¬ 
sion  equation: 


d{0^) 


100  ^^^2 
Vc  ^  60 


jc  {PAO^  -  PcO^) 


(2) 


dt 
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In  this  equation,  dCOgVdt  is  the  rate  of  Og  diffusion  into  the  capillary, 
PAOg  is  the  alveolar  PO2,  PCO2  is  the  pulmonary  capillary  PO2,  DLO2  is 
the  diffusion  coefficient  for  tissue  and  Vc  is  the  volume  of  capillary  blood. 
Roughton  and  Forster  (1957)  described  the  components  of  this  coeffi¬ 
cient: 

(3)  _ L_  =  _ 1 _  +  _ 1 _ 

DLO2  DMO2  eo^xvc 

In  this  equation,  DMOg  is  the  diffusion  coefficient  for  the  alveo¬ 
lar/capillary  membrane  interface  and  is  proportional  to  the  thickness  of 
the  membrane.  9O2  is  the  off-reaction  rate  constant  of  O2  with  hemoglo¬ 
bin. 


40 

0.2  0.4  0.6  0.8 

sec 

Figure  3.1  Diffusive  uptake  of  Og  and  release  of  COg  in  the  lung.  As  ve¬ 
nous  red  blood  cells  pass  into  pulmonary  capillaries,  they  take  up  Og  from 
plasma  which  is  oxygenated  by  diffusion  across  the  pulmonary  capillary 
membrane.  The  average  time  of  transit  for  a  red  cell  under  resting  condi¬ 
tions  is  approximately  0.8  seconds. 

These  relationships  are  conceptually  simple,  but  their  numerical  model¬ 
ing  is  complex  and  iterative.  For  example,  0O2  is  dependent  on  the  he¬ 
moglobin  saturation,  which  in  turn,  is  dependent  on  the  position  of  the 
02-hemoglobin  saturation  curve  (P50),  itself  dependent  on  2,3-DPG,  pH, 
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and  PCOg.  pH  and  PCOg  are  further  interdependent,  and  both  are  af¬ 
fected  by  the  buffering  of  hemoglobin.  Each  of  the  terms  in  equations  1-3 
has  a  number  of  determinants,  which  can  vary  in  different  physiological 
conditions  and  in  disease  or  pathological  states.  While  complex,  all  of 
these  variables  can  be  accounted  for  using  computer  techniques,  and,  as 
shown  in  Figure  3.1,  exchange  curves  for  O2  and  CO2  in  the  lung  can  be 
calculated  (Winslow  1985).  The  situation  in  the  tissues  is  slightly  more 
complicated,  but  in  general  represents  the  mirror  image,  and  the  princi¬ 
ples  governing  the  exchange  of  gases  are  the  same.  Another,  perhaps 
clearer,  way  to  view  the  Pick  relationship  is  shown  graphically  in  Figure 
3.2.  Each  of  the  panels  of  the  figure  is  made  up  of  two  components:  the 
hemoglobin-02  dissociation  curve  and  the  cardiac  output.  The  numerical 
calculations,  summarized  in  Table  3.1,  for  the  three  examples  to  follow 
were  done  based  on  data  from  patients  and  normal  humans  studied  un¬ 
der  different  physiological  conditions  (Winslow  1985). 


3.3  Examples 

The  examples  to  be  discussed  consider  a  number  of  variables  which  can 
alter  overall  O2  transport  individually.  In  the  calculations,  the  cardiac 
output  is  determined  by  2  factors:  the  O2  requirement  (VO2)  and  the 
blood  viscosity  (determined  by  the  hematocrit).  The  regulation  of  these 
variables  is  well  documented  in  the  literature  (Gu5rton,  Jones  and  Cole¬ 
man  1973).  The  mixed  venous  PO2  (P^2^  calculated  as  that  PO2 
which  corresponds  to  the  mixed  venous  O2  content  when  all  conditions  in 
the  Fick  equation  are  satisfied.  These  calculations  and  the  assumptions 
underlying  them  have  been  described  previously  in  the  literature  (Wins¬ 
low  1985).  The  variables  considered  in  these  examples  are  the  following: 

1.  Alveolar  PO2  (PAO2).  This  is  assumed  to  be  100  torr,  corresponding 
to  a  normal  sea  level  environment  in  a  subject  with  normal  ventilation. 

2.  Arterial  PO2  (Pa02).  This  is  also  assumed  to  be  100  torr,  and  as¬ 
sumes  no  alveolar-arterial  diffusion  gradient.  In  fact,  a  small  gradient 
usually  is  present,  but  does  not  affect  the  calculations  because  the  blood 
is  well-saturated  even  at  80  torr. 

3.  Arterial  PCO2  (PaC02).  This  is  assumed  to  be  40  torr,  the  value 
found  in  normal  resting  persons  with  normal  ventilation. 

4.  Arterial  pH  is  assumed  to  be  7.4,  a  normal  value. 

5.  2,3-DPG.  This  is  actually  the  red  cell  2,3-DPG/hemoglobin  molar  ra¬ 
tio.  In  a  large  number  of  normal  volunteers  studied  in  our  laboratory, 
this  value  is  0.88  mole/mole  (Samaja  and  Winslow  1979).  The  2,3- 
DPG/Hb  ratio,  pH,  and  PCO2  are  the  principle  determinants  of  the  posi¬ 
tion  of  the  blood  Og-dissociation  curve  (P50).  These  parameters  are  used 
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to  calculate  a  continuous  curve  for  the  given  conditions  used  in  the  ex¬ 
ample  calculations  (Winslow  et  al.  1983). 


20  40  60  80  100  2  4  6  8  10 


P02,torr  Al/min 

Figure  3.2  Graphical  representation  of  the  Fick  equation.  The  examples 
are  described  in  the  text  and  include  normal  resting  conditions  (top),  ane¬ 
mia  (middle),  and  increased  O2  demand  (bottom)  as  in  mild  to  moderate  ex¬ 
ercise.  A  numerical  summary  is  provided  in  Table  3.1. 


6.  Pulmonary  membrane  diffusion  constant  (DMO2).  This  is  assumed  to 
be  40  ml/ml/mm  Hg,  as  it  is  in  normal  persons.  Alterations  of  this  value 
will  change  the  alveolar-arterial  diffusion  gradient  (Wagner  1977).  • 

7.  The  volume  of  pulmonary  capillary  blood  (Vc).  This  volume  also  is  a 
parameter  of  pulmonary  diffusion  (Roughton  and  Forster  1957)  and  in 
certain  pulmonary  diseases  can  increase  the  alveolar-arterial  diffusion 
gradient.  A  value  of  70  ml  is  used. 
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3.3. 1  Normal  Hematocrit  and  Demand 

The  first  example  is  a  normal  resting  human  with  hematocrit  45%.  In 
this  example,  the  Og  utilization  is  approximately  5  ml/kg/min  and  the  ar¬ 
terial  O2  content  is  about  18  ml/100  ml  of  blood.  To  satisfy  the  conditions 
that  there  is  no  base  excess,  that  the  Og  dissociation  curve  is  determined 
by  the  factors  mentioned  above,  and  that  the  cardiac  output  (as  deter¬ 
mined  by  hematocrit  and  VOg )  is  5.46  1/min,  the  arterial-venous  Og  con¬ 
tent  difference  results  in  a  F^02  of  37.4  torr.  These  calculations  show 
that  34%  of  the  arterial  O2  is  extracted  by  tissue. 

3.3.2  Anemia,  Normal  Demand 

The  second  example  considers  holding  all  variables  constant  except  that 
the  hematocrit  is  dropped  to  25%.  As  a  result  of  this  change,  the  cardiac 
output  rises  to  7.42  1/min  by  virtue  of  reduced  blood  viscosity  and  resis¬ 
tance  to  flow.  This  increased  flow,  however,  does  not  completely  compen¬ 
sate  for  the  reduced  arterial  O2  content,  and  a  larger  fraction  of  the  arte¬ 
rial  O2  must  be  extracted  (44%),  resulting  in  a  lower  PvOg  (32.0  torr). 
Still,  however,  the  Og  requirement  (5  ml/kg/min)  can  be  satisfied. 

Table  3.1  Oxygen  exchange  parameters  for  example  cases  in 
Figure  3.1. 


PVO2 

Q 

OER 

Hct  =  45% 

37.4 

5.46 

0.34 

Hct  =  25% 

32.0 

7.42 

0.44 

VO2  =  20ml/kg 

27,9 

13.3 

0.53 

PAOj  =  100  torr,  Pa02  =  100  torr,  PaCOj  =  40  torr,  arterial  pH  =  7.4, 
2,3-DPG/heinogIobin  =  0.88,  DMOg  =  40  ml/ml/mm  Hg,  Vc  =  70  ml. 
OER  =  oxygen  extraction  ratio. 


It  should  be  appreciated  that  this  example  is  a  simplification,  since  in 
anemia,  ventilation  increases,  raising  PAO2,  lowering  PaC02  and  raising 
pH.  In  turn,  the  changes  shift  the  O2  dissociation  curve  to  the  left  (in¬ 
creased  affinity,  lower  P50)  which,  in  turn,  affects  002.  Furthermore, 
with  time,  this  respiratory  alkalosis  becomes  compensated  by  metabolic 
(renal)  mechanisms. 

3.3.3  Normal  Hematocrit,  Increased  Demand 

The  third  example  illustrates  still  another  variation  on  these  variables: 
increased  VO2,  as  might  be  found  in  moderate  (but  aerobic)  exercise.  In 
this  case,  the  VOg  is  placed  at  20  ml/kg,  but  all  other  variables  are  held 
constant.  The  result  is  that  the  cardiac  output  is  much  higher  (13.3 
1/min),  the  mixed  venous  PO2  is  lower  (27.9  torr),  but  a  larger  fraction  of 
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the  arterial  Og  must  be  extracted  (53%).  But  again,  all  conditions  are 
satisfied. 

This,  too,  is  a  simplification  of  the  actual  situation:  h3^erventilation 
again  may  increase  PAOg  and  DMOg  with  resulting  alkalosis,  but  mus¬ 
cular  work  will  also  produce  lactic  acid  which  drops  pH  with  the  effect  of 
reducing  Og  affinity  (increased  P50).  Furthermore,  raised  cardiac  output 
shortens  the  "dwell"  time  for  a  red  cell  in  the  pulmonary  capillary  and 
when  raised  to  extreme  values,  can  actually  lead  to  reduced  Pa02  during 
heavy  exercise  (see  Figure  3.1). 


3.4  Physiological  Transfusion  Triggers 

Using  this  brief  quantitative  framework,  is  it  possible  to  identify  physi¬ 
ological  markers  that  can  be  used  as  a  transfusion  trigger  which  might 
be  more  useful  than  hemoglobin  or  hematocrit?  Obviously,  a  number 
would  be  more  useful  in  clinical  practice  than  subjective  measurements 
and  could  lead  to  imiform  criteria  for  the  transfusion  of  red  blood  cells. 

As  our  examples  show,  when  the  hemoglobin  drops,  as  the  demand  for 
Og  rises,  more  of  the  arterial  Og  is  used,  venous  Og  is  depleted,  and  PVO2 
falls.  Our  calculations  can  be  used  to  explore  a  range  of  O2  delivery  val¬ 
ues  ( Q  X  CaOg  or  DO2)  to  predict  what  effect  might  be  seen  on  PvOg 
(Figure  3.3).  In  this  figure,  the  DO2  was  reduced  by  reducing  hematocrit 
at  5%  intervals  and  calculating  various  quantities  shown  in  Table  3.1. 


Figure  3.3.  The  effect  of  decreasing  Og  delivery  (hematocrit)  on  potential 
transfusion  triggers.  A  rising  cardiac  output  and  falling  mixed  venous  POg 
(P^02)  and  saturation  (SvOg)  compensate  over  most  of  the  range.  All  pa¬ 
rameters  appear  to  be  continuous  functions  and  do  not  provide  clear  "trig¬ 
gers".  The  horizontal  dashed  line  shows  an  OER  of  50%.  If  this  were  used  as 
a  transfusion  trigger,  transfusion  would  be  given  at  a  hematocrit  of  20%. 
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As  hematocrit  falls,  PVO2  drops  and  the  oxygen  extraction  ratio  rises  as 
continuous  functions  over  the  range  of  anemia  down  to  a  hematocrit  of 
about  10%.  While  we  would  agree  that  a  transfusion  would  be  desirable 
at  some  point  in  that  interval,  the  data  do  not  provide  a  clear-cut  trans¬ 
fusion  trigger. 

The  relationship  between  O2  supply  and  utilization  is  shown  in  Figure 
3.4.  With  VO2  set  at  5  ml/kg/min,  the  hematocrit  was  dropped  in  5% 
steps,  and  the  parameters  shown  in  Table  3.1  were  calculated.  Cardiac 
output  increases,  PVO2  decreases,  and  the  oxygen  extraction  ratio  be¬ 
comes  greater,  as  shown  in  Figure  3.3.  But  a  point  occurs  -  here  at  a 
hematocrit  of  10%  -  when  these  normal  compensations  no  longer  serve, 
and  the  only  way  to  complete  the  calculation  is  to  decrease  VO2.  This 
point  is  labeled  the  "critical  DO2". 


VO, 


(ml/min/kg) 


Qx  Ca02 


(l/min  X  ml/dl) 


Figure  3.4.  The  critical  DO2  (Q  x  CaOg).  As  the  hematocrit  is  reduced  in  5% 
steps,  VOg  is  maintained  by  a  combination  of  rising  cardiac  output  and  dropping 
P^2  Figure  3.3).  When  these  compensations  no  longer  suffice,  VOg  falls,  and 
tissue  ischemia  occurs.  The  goal  of  transfusion  therapy  is  to  maintain  the  Og  re¬ 
serve  such  that  this  point  is  not  reached. 


The  critical  DO2  is  the  point  at  which  tissue  O2  delivery  can  no  longer  be 
satisfied,  and  tissues  become  hypoxic.  Some  produce  lactic  acid,  but  oth¬ 
ers  suffer  compromised  function.  Obviously,  the  point  is  to  be  avoided  in 
clinical  practice,  but  as  shown  in  Figure  3.3,  there  is  no  clear  indication 
from  easily  measured  quantities  what  that  point  might  be.  Thus,  the 
goal  of  transfusion  is  to  maintain  an  "O2  reserve"  such  that  the  critical 
DO2  is  not  reached. 
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3.5  Physiologic  Triggers 

This  analysis  does  not  provide  a  physiologic  transfusion  trigger.  Many 
parameters  have  been  proposed  as  indicative  of  the  need  for  transfusion, 
but  none,  by  itself,  is  sufficient.  The  thoughtful  clinician  observes  all  pos¬ 
sible  signs  of  tissue  ischemia  and,  based  on  experience,  attempts  to 
transfuse  before  the  critical  DO2  is  reached.  In  the  following  section,  a 
brief  discussion  of  some  of  the  useful  potential  triggers  will  be  discussed 
briefly. 

3.5. 1  Mixed  Venous  PO^ 

Mixed  venous  PO2  (PVO2)  would  seem  an  obviously  important  parameter 
to  assess  adequacy  of  tissue  oxygenation  since,  in  theory,  the  mixed  ve¬ 
nous  blood  should  be  in  equilibrium  with  tissue.  However,  as  is  now 
known,  the  tissue  PO2  is  much  lower  than  mixed  venous  values,  and 
PVO2  can  be  normal  in  severe  anemia  (Gould  et  al.  1983).  The  reason  for 
this  is  complex  but  includes  the  fact  that  capillary  blood  can  be  shunted 
to  different  vascular  beds  in  the  face  of  h3rpovolemia,  for  example,  so  that 
PVO2  does  not  necessarily  reflect  the  oxygenation  state  of  all  tissues 
(Messmer  et  al.  1972).  In  addition,  it  is  now  understood  that  there  is  sig¬ 
nificant  O2  loss  from  arterioles  and  uptake  in  venules,  so  that  the  capil¬ 
lary  POg  is  lower  than  mixed  venous  values. 

Nevertheless,  a  decreasing  PVO2  has  been  used  as  a  classic  indicator  of 
reduced  tissue  oxygenation,  and  perhaps  a  dropping  value  should  be 
more  meaningful  to  clinical  evaluation  of  a  given  patient  than  an  abso¬ 
lute  value.  Traditional  textbooks  of  critical  care  medicine  indicate  that 
transfusions  may  be  helpful  when  the  PVO2  is  less  than  20  torr. 

Mixed  venous  oxygen  saturation  (SVO2)  may  be  a  more  useful  indicator 
of  severe  O2  extraction.  Because  of  the  steepness  of  the  hemoglobin-02 
dissociation  curve,  when  mixed  venous  PO2  falls  below  approximately  30 
torr,  the  hemoglobin  saturation  falls  rapidly  (see  Figure  3.3).  In  one 
clinical  study,  Spiess  et  al.  (1992)  showed  that  SW2  is  a  sensitive  indica¬ 
tor  of  overall  O2  consumption  in  liver  transplant  patients.  In  that  case, 
removal  of  the  patient’s  liver  with  attendant  reduction  in  VO2  produced 
a  measurable  rise  in  SVO2.  When  the  new  liver  became  functional,  SVO2 
fell  back  to  normal  values. 

Unfortunately  both  PVO2  and  SVO2  can  only  be  measured  in  pulmonary 
artery  blood  by  use  of  an  indwelling  catheter. 

3.5.2  Consumption 

Published  literature  suggests  that  reduced  VO2  in  postoperative  and 
trauma  patients  is  associated  with  a  poor  prognosis,  and  that  increasing 
DO2  by  intervention  (fluid  boluses,  administration  of  blood  products,  the 
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use  of  inotropes)  reduces  mortality  rate  (Shoemaker  et  al.  1985).  In  con¬ 
trast,  other  evidence  indicates  that  the  way  in  which  DOg  is  increased  is 
critical:  volume  resuscitation  more  effectively  raises  VOg  than  transfu¬ 
sion,  even  though  both  raise  DO2. 

In  septic  shock,  ^02  may  be  pathologically  dependent  on  DO2  (see  Fig¬ 
ure  3.4)  (Ronco  et  al.  1990).  Patients  whose  cardiac  output  (and  therefore 
DO2)  can  be  increased  with  dobutamine  (Mink  and  Pollack  1990;  Lor- 
ente  et  al.  1993)  or  adrenalin  (Seear,  Wensley  and  MacNab  1993)  can  in¬ 
crease  VOg.  However,  when  DO2  is  raised  by  increasing  hemoglobin  con¬ 
centration  by  transfusion,  no  effect  is  seen  on  VO2  (Hanique  et  al.  1994; 
Seear  Wensley  and  MacNab  1993  Lucking  et  al.  1990).  In  fact,  when  23 
critically  ill  patients  with  sepsis  were  transfused  with  stored  blood,  not 
only  did  the  VO2  (measured  by  calorimetry)  fail  to  rise,  but  there  was  an 
inverse  relationship  between  gastric  mucosal  pH  and  the  age  of  the 
transfused  blood  (Marik  and  Sibbald  1993),  indicating  poorer  tissue  oxy¬ 
genation.  These  studies  all  indicate  that  pathological  reduction  of  V O2  in 
sepsis  is  due  to  reduced  tissue  perfusion,  not  reduced  O2  content  of  the 
perfusing  blood. 

A  part  of  the  problem  in  rationalizing  these  data  may  be  that  any  calcu¬ 
lated  VO2  based  on  the  Fick  equation  (see  equation  1)  depends  on  the 
patient  or  animal  being  in  the  steady  state.  The  steady  state,  briefly,  is 
that  condition  in  which  the  O2  taken  up  exactly  equals  the  O2  being  util¬ 
ized  for  metabolism.  If  utilization  exceeds  uptake,  a  state  of  O2  debt  ex¬ 
ists,  and  body  stores  of  O2  are  depleted.  It  is  possible  in  this  situation  for 
the  metabolic  use  of  O2,  as  measured  by  calorimetry,  to  be  greater  than 
the  VO2  calculated  by  Fick  or  even  measured  by  respiratory  gas  ex¬ 
change. 

Patients  with  the  adult  respiratory  distress  syndrome  (ARDS)  may  rep¬ 
resent  another  case  in  which  O2  uptake  and  utilization  do  not  agree: 
they  may  not  increase  ^02  after  increasing  DO2  (Ronco  et  al.  1991). 
Hanique  et  al.  (1994)  studied  3  groups  of  patients,  septic,  ARDS,  and  he¬ 
patic  failure.  They  increased  cardiac  output  by  volume  loading  to  in¬ 
crease  DO2,  measured  V^02  by  calorimetry  and  calculated  VO2  by  Fick. 
They  found  that  the  calculated  VO2  (Fick)  increased,  while  the  meas¬ 
ured  ^^02  (calorimetry)  did  not.  By  using  an  increase  in  as  a  crite¬ 
rion  for  successful  transfusion,  they  concluded  that  as  many  as  58%  of 
transfusions  may  be  of  questionable  importance  (Babineau  et  al.  1992) 


3.5.3  Oxygen  Extraction  Ratio  (OER) 


The  oxygen  extraction  ratio  is  the  fraction  of  arterial  O2  delivery  ex¬ 
tracted  by  tissue.  In  other  words: 


(4) 


OER 


(CaO^)  -  (CvO^) 
(CaO^) 
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This  parameter  has  been  useful  in  a  number  of  animal  studies.  For  ex¬ 
ample,  Levy  et  al.  (1992)  created  stenotic  lesions  in  the  left  anterior  de¬ 
scending  coronaiy  arteries  of  dogs  and  then  studied  their  compensation 
to  acute  blood  loss  anemia.  They  found  that  the  stenotic  hearts  did  not 
raise  their  outputs  in  response  to  bleeding,  had  greater  lactate  produc¬ 
tion,  and  failed  at  a  higher  hematocrit  (17%)  than  controls  (10.6%).  They 
found  that  in  the  normal  heart,  lactate  production  occurs  when  OER  > 
50%  and  hematocrit  <10%,  but  in  the  stenotic  animals,  OER  >  50%  cor¬ 
responded  to  a  hematocrit  <  20%.  These  authors  concluded  that  an  OER 
>  50%  indicates  a  need  for  transfusion,  and  stressed  that  the  transfusion 
trigger,  using  any  criteria,  is  higher  in  hearts  with  underlying  coronary 
ischemia. 

These  observations  are  consistent  with  experience  with  patients.  For  ex¬ 
ample,  Mathru  et  al.  (1992)  studied  8  patients  with  ejection  fractions  > 
40%  undergoing  coronary  artery  bypass  grafting  procedures  who  were 
hemodiluted  to  a  target  hematocrit  of  15%.  Catheters  were  placed  in  the 
coronary  sinus,  and  the  hematocrit  was  increased  by  autologous  transfu¬ 
sion,  followed  by  measurements  of  hemodynamics  and  lactate  produc¬ 
tion.  They  found  that  the  OER  decreased  with  increasing  hematocrit,  but 
lactate  extraction  was  independent  of  hematocrit.  There  was  no  evidence 
of  cardiac  ischemia  in  any  of  the  patients,  and  the  authors  concluded 
that  the  hematocrit  was  not  as  useful  as  a  transfusion  trigger  as  Og  utili¬ 
zation  or  extraction. 

3.6  Clinical  Transfusion  Triggers 

Although  these  considerations  provide  some  basis  for  a  physiologic 
transfusion  trigger,  actual  clinical  situations  are  far  more  complicated. 
For  example,  not  all  patients  can  raise  cardiac  output  in  response  to  the 
challenge  of  anemia.  In  others,  tissue  ischemia,  such  as  in  coronary  ar¬ 
tery  disease,  can  raise  the  local  DOg  requirement,  reducing  the  O2  re¬ 
serve  for  that  area.  In  other  patients,  pulmonary  disease  may  impose  a 
diffusion  barrier  (increased  DMOg)  or  restrict  ventilation  which  can  re¬ 
strict  pulmonary  O2  uptake. 

Figure  3.5  shows  some  of  the  factors  that  can  influence  the  O2  delivery 
as  described  by  the  Fick  equation.  As  already  mentioned,  these  are 
highly  iterative.  It  is  beyond  the  scope  of  this  discussion  to  explore  each 
of  them,  but  the  examples  and  calculations  above  should  make  clear  that 
the  transfusion  trigger  will  vary  from  patient  to  patient,  is  not  quantifi¬ 
able  given  our  current  state  of  quantitation,  and  the  use  of  good  clinical 
judgment  cannot  be  avoided. 

How  then  should  the  responsible  physician  consider  the  decision  to 
transfuse?  Table  3.2  presents  an  attempt  at  a  rational  approach.  It  is 
difficult  to  imagine  a  situation  in  which  a  hemoglobin  over  10  g/dl  would 
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be  desired.  The  issue  of  the  optimal  hematocrit  has  been  explored  in  the 
literature  extensively,  and  it  appears  that  there  is  little  justification  for 

Viscosity 


Peripheral  resistance 


Hemoglobin 
Work  load 


VO.  =  [CaO.  - 


Heart  disease 


Luna  function 

a.  diffusion 

b.  ventilation 

c.  perfusion 

d.  disease 


P50  ◄— 

a.  pH 

b.  PCO 

c.  2,3-DPG 


Acid-base 

a.  lung  function 

b.  kidney  function 

c.  aerobic/anaerobic 
metabolism 


Figtire  3.5.  Interactions  of  the  determinants  of  oxygen  transport  in  health  and  dis¬ 
ease  (Winslow  1992). 


Table  3.2  Clinical  transfusion  triggers. 


Hemoglobin  (g/dl) 

Risk 

Strategy 

>10 

very  low 

avoid 

8-10 

low 

avoid;  transfuse  if 
demonstrably  better  after  trial 

6-8 

moderate 

try  to  avoid;  decrease  VO2 

Clinical  evaluation: 

-  volume  status 

_  pulmonary  status 
_  cardiac  status  (ischemia) 

-  cerebrovascular  disease 

-  duration  of  anemia 

-  dyspnea  on  exertion 

-  estimated  blood  loss 

-  extent  of  surgery,  risk  of 
rebleed 

<6 

high 

usually  requires  transfusion 

Modified  from  Swisher  and  Petz  (1989). 
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maintaining  a  hematocrit  over  35%  either  at  sea  level  or  in  high  altitude 
natives  (Winslow  and  Monge  1987).  One  reason  for  this  is  that  as 
hematocrit  rises,  viscosity  rises  exponentially  with  increased  resistance 
to  flow  and  reduced  cardiac  output  (Gujrton,  Jones  and  Coleman  1973). 

When  the  hemoglobin  is  between  8  and  10  g/dl,  the  risk  to  most  patients 
is  very  low.  Some  patients,  especially  elderly  ones,  report  subjective  im¬ 
provement  in  symptoms  of  shortness  of  breath  or  dyspnea  on  exertion 
when  their  hematocrits  are  maintained  over  8  g/dl.  Transfusion  in  these 
patients  would  appear  to  be  justified,  but  elevation  to  values  over  10  g/dl 
would  probably  never  be  indicated. 

A  hemoglobin  concentration  between  6  and  8  g/dl  requires  a  thoughtful 
approach  to  the  clinical  evaluation  of  the  patient.  One  should  try  to 
avoid  transfusion,  and  a  number  of  alternatives  are  available  such  as 
lowering  VO2  (e.g.,  rest,  pharmacologic  agents,  hypothermia)  or  treat¬ 
ments  to  modify  the  cause  of  anemia  (e.g.,  stop  bleeding,  treat  underly¬ 
ing  disease).  But  if  neither  of  these  can  be  done,  then  specific  evaluation 
of  a  number  of  factors  should  be  considered; 

•  Volume  status.  Is  the  patient  hemodiluted  or  dehydrated?  In  other 
words,  does  the  hemoglobin  concentration  reflect  the  true  red  cell 
mass? 

•  Pulmonary  status.  Is  the  patient  able  to  oxygenate  arterial  blood?  If 
not,  why?  Is  the  limitation  diffusion  or  restricted  ventilation?  If  the 
patient  is  a  surgical  candidate,  will  his  ventilation  be  controlled? 

•  Cardiac  status.  Is  there  a  history  of  myocardial  ischemic  disease  or 
infarction?  Such  history  would  favor  transfusion.  Is  the  patient  able 
to  increase  the  cardiac  output?  The  patient's  age  and  symptoms  are 
important  factors  here.  The  onset  of  coronary  ischemic  disease  is 
most  commonly  1-2  decades  earlier  in  men  than  in  women,  and  so 
sex  also  can  be  an  important  consideration.  In  general,  one  should 
assume  coronary  ischemia  increases  with  age  in  both  sexes. 

•  Cerebrovascular  status.  The  considerations  here  are  similar  to  those 
for  cardiac  status,  except  that  the  symptoms  of  ischemia  may  be 
more  difficult  to  appreciate,  particularly  in  the  elderly.  Is  there  a  his¬ 
tory  of  cerebrovascular  accident?  Are  there  neurological  signs? 

•  Chronicity  of  anemia.  An  otherwise  healthy  person  can  adjust  quite 
well  to  a  hematocrit  of  15%  if  the  fall  is  slow,  but  if  it  is  abrupt  will 
usually  cause  severe  symptoms. 

•  Symptoms.  Does  the  patient  complain  of  dyspnea  on  exertion,  short¬ 
ness  of  breath  or  claudication? 

•  Estimated  blood  loss.  If  a  patient  is  undergoing  a  procedure  in  which 
the  extent  of  blood  loss  is  expected  to  be  high,  the  Og  reserve  should 
be  maximized. 
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•  Extent  of  surgery,  risk  of  rebleeding.  In  such  cases  (e.g. ,  coronary  ar¬ 
tery  bypass  graft  procedures),  rebleeding  causes  a  significant  risk  of 
morbidity  and  mortality,  especially  in  elderly,  high-risk  patients.  In¬ 
cluded  here  should  also  be  any  patients  with  increased  risk  for  bleed¬ 
ing,  such  as  thrombocytopenic  or  patients  with  liver  disease. 

When  the  hemoglobin  is  less  than  6  g/dl,  few  would  argue  with  the  deci¬ 
sion  to  transfuse  except  when  the  anemia  is  of  very  long  standing.  Such 
cases  would  include,  for  example,  some  patients  with  pernicious  anemia 
who  are  well-adapted  to  a  very  low  hematocrit.  But  the  adaptation  is 
due,  in  part,  to  chronically  increased  cardiac  output  and  expanded  blood 
volume,  and  too  vigorous  transfusion  can  push  the  patient  into  overt  con¬ 
gestive  heart  failure. 

3.7  Implications  for  Red  Cell  Substitute  Development 

If  a  red  cell  transfusion  is  given  to  prevent  tissue  hypoxia,  how  can  a  ra¬ 
tional  transfusion  trigger  be  selected  for  clinical  trials  of  red  cell  substi¬ 
tutes?  When  a  transfusion  is  given  to  alleviate  specific  symptoms  or 
signs  of  ischemia  (ECG  changes,  shortness  of  breath,  angina,  etc.),  then 
one  might  see  evidence  of  improvement  after  transfusion  and,  conceiv¬ 
ably,  tests  could  be  designed  in  which  the  end  point  would  be  to  deter¬ 
mine  whether  the  indications  are  reversed. 

Unfortimately,  the  optimal  use  of  red  cells  is  to  prevent  tissue  hypoxia 
rather  than  to  alleviate  tissue  ischemia,  and  so  interpretation  of  clinical 
trials  could  be  difficult  if  not  impossible.  It  seems  most  likely  that  the 
best  chance  for  a  clear-cut  demonstration  of  efficacy  for  red  cell  substi¬ 
tute  will  be  in  fully  instrumented  surgical  patients  whose  detailed  meas¬ 
urements  of  Og  transport  can  be  made.  After  efficacy  is  established  in 
these  patients,  then  the  products  could  be  used  with  more  confidence  in 
less  intensively  monitored  patients. 


3.8  Summary 

A  major  goal  of  this  discussion  is  to  point  out  that  physiological  princi¬ 
ples,  while  essential  to  understanding  the  rationale  for  transfusion,  can 
provide  only  a  general  framework  to  consider  the  transfusion  trigger. 
Within  that  framework,  the  decision  to  transfuse  a  given  patient  must 
be  tailored  to  that  patient’s  clinical  condition.  An  understanding  of  both 
the  parameters  of  O2  transport  in  a  patient  and  good  clinical  judgment 
will  ultimately  guide  the  thoughtful  physician. 

The  design  of  clinical  trials  of  blood  substitutes  should  be  applied  to  pa¬ 
tients  with  clear-cut  requirements  for  transfusion  or  to  those  in  whom 
reasonable  people  can  agree  on  a  rational  transfusion  trigger.  In  the  ma¬ 
jority  of  patients  in  routine  hospital  practice,  the  decision  to  transfuse 


A  Physiologic  Basis  for  the  Transfusion  Trigger 


39 


and  the  interpretation  of  data  indicating  the  benefit  of  transfusion  are 
much  more  complex.  In  these  patients,  a  large  amount  of  clinical  data 
must  be  sorted,  weighted,  and  sifted,  and  in  the  end  the  decision  to 
transfuse  is  dominated  by  "good  clinical  judgment". 
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4.1  Introduction 

Hemorrhage  is  the  leading  cause  of  death  in  soldiers  injured  on  the  bat¬ 
tlefield  (Bellamy  1984).  Unlike  other  traumatic  tissue  loss,  blood  loss  can 
be  controlled  and  corrected.  Effective  first  aid,  resuscitation  with  crys¬ 
talloid  solutions  and  blood  products,  and  surgical  control  of  hemorrhage 
are  the  standard  tools.  Controlling  hemorrhage  will  immediately  reduce 
subsequent  transfusion  requirements  and  prevent  the  consequences  of 
blood  loss. 

With  severe  blood  loss  or  ongoing  hemorrhage,  maintaining  the  circula¬ 
tion  and  tissue  perfusion  requires  replacement  with  crystalloid  fluids, 
red  blood  cells,  albumin,  clotting  factors,  and  platelets,  in  that  order 
(Collins  1973).  There  is  usually  an  abundant  reserve  in  the  body’s  oxy¬ 
gen  delivery  system  in  young  people,  thus  volume  replacement  with 
oxygen-carrying  solutions  is  generally  not  required  in  the  initial  phase  of 
resuscitation. 

Restoring  intravascular  volume  with  crystalloid  or  colloid  solutions  usu¬ 
ally  increases  perfusion  and  restores  oxygen  delivery  to  peripheral  tis¬ 
sues.  If  this  is  not  effective,  red  blood  cells  are  required.  Red  blood  cells 
are  recommended  after  the  injured  person  has  lost  30-40%  of  the  circu¬ 
lating  blood  volume  (1500-2000  ml  in  the  average  adult),  although 
greater  blood  losses  are  tolerated  under  many  circumstances  (ATLS 
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1989).  Red  blood  cell  transfusions  are  safe  and  highly  effective  in  restor¬ 
ing  oxygen-carrying  capacity  after  severe  hemorrhage.  The  long 
intravascular  persistence  of  transfused  red  blood  cells  contributes  to  the 
hemodynamic  stability  of  the  injured  during  transport  and  recovery,  and 
the  viscosity  and  space-filling  qualities  of  erythrocytes  contribute  to  nor¬ 
mal  microvascular  rheology  and  hemostasis. 

Red  blood  cell  substitutes  are  being  developed  to  extend  the  availability 
of  oxygen-carrying  solutions  to  applications  for  which  blood  is  not  cur¬ 
rently  available  and  to  replace  blood  in  transfusion  therapy  (Winslow 
1992).  The  oxygen-carrying  capacity,  universal  infusion  compatibility, 
and  storage  stability  of  these  acellular  oxygen  carriers  are  seen  as  sig¬ 
nificant  technical  advances. 

Potential  applications  for  red  blood  cell  substitutes  exist  in  pre-hospital 
care,  in  certain  hospital  situations  where  time  is  critical,  in  mass  casu¬ 
alty  situations  where  the  demand  for  red  blood  cells  exceeds  the  immedi¬ 
ate  supply,  and  in  elective  surgical  situations  where  the  substitute  can 
serve  as  a  simple  alternative  oxygen  carrier.  However,  to  replace  or  aug¬ 
ment  blood  use,  red  blood  cell  substitutes  must  compare  favorably  to  the 
safety,  efficacy,  durability,  and  cost-effectiveness  of  crystalloid  resuscita¬ 
tion  solutions  and  blood.  The  comparison  should  reflect  the  conditions  of 
anticipated  use. 

This  paper  briefly  describes  the  epidemiology  of  military  trauma,  the 
historic  patterns  of  blood  use  on  the  battlefield,  the  scientific  indications 
for  blood  transfusion,  and  the  U.S.  Army^s  doctrine  for  blood  use  in  the 
near  future.  We  use  this  information  to  describe  the  logical  constraints 
on  the  military  usage  of  red  blood  cell  substitutes. 

4.2  The  Epidemiology  of  Military  Trauma 

The  incidence  of  injury  on  the  battlefield  is  highly  variable.  The  inten¬ 
sity  of  combat,  the  lethality  of  weapons,  and  the  availability  of  cover  all 
effect  the  incidence  of  wounds  in  measurable  ways.  In  addition,  there  are 
the  less  easily  measured  qualities  of  military  art  and  science.  It  is  not 
uncommon  to  see  very  different  casualty  figures  for  opposite  sides  in  the 
same  battle.  One  has  only  to  think  of  Agincourt,  Fredericksburg,  and  the 
Persian  Gulf  for  examples  of  the  interplay  of  these  factors. 

Despite  the  large  variation  in  the  incidence  of  injury  on  individual  bat¬ 
tlefields,  a  clear  pattern  has  emerged  in  the  distribution  in  classes  of 
casualties  in  major  modem  wars.  Twenty  percent  of  casualties  were 
killed  in  action  (KIA),  dying  on  the  battlefield  before  reaching  a  field 
hospital  (Bellamy,  Maningus  and  Vayer  1986).  This  proportion  of  casual¬ 
ties  killed  in  action  has  remained  unchanged  for  all  the  major  wars 
Americans  have  fought  since  the  Civil  War.  In  contrast,  the  percentage 
of  casualties  who  reach  a  hospital  but  then  die  of  wounds  (DOW)  has  de- 
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creased  steadily  from  28%  in  the  Civil  War  to  2%  in  Vietnam  (Bellamy, 
Maningus  and  Vayer  1986,  Carey  1987,  Garfield  and  Neugut  1991). 

In  practical  terms,  this  means  that  most  battlefield  casualties  are  either 
killed  outright  or  have  survivable,  frequently  minor,  wounds  (Bellamy 
1984).  Those  who  are  hospitalized  generally  require  emergency  surgery 
to  control  hemorrhage  or  to  manage  soft  tissue,  gastrointestinal,  or  brain 
injuries.  In  Vietnam,  45-92%  of  casualties  were  operated  on  shortly  after 
admission  (Byerly  and  Pendse  1981,  McNamara  and  Stremple  1973,  Ar¬ 
nold  and  Cutting  1978). 

Reducing  the  time  required  to  evacuate  wounded  combatants  from  the 
battlefield  should  reduce  the  percentage  of  casualties  who  die  on  the  bat¬ 
tlefield  (Trunkey  1982).  A  result  is  that  a  greater  proportion  of  fatally  in¬ 
jured  casualties  will  reach  field  hospitals  alive.  While  overall  hospital 
mortality  has  decreased  with  more  rapid  evacuation  as  a  result  of  im¬ 
proved  care,  those  who  die  usually  do  so  shortly  after  arriving  at  the  hos¬ 
pital.  Hemorrhage  and  neurological  injuries  account  for  the  overwhelm¬ 
ing  majority  of  immediate  and  overall  hospital  deaths. 

Over  50%  of  casualties  who  are  killed  in  action  bleed  to  death  (Bellamy 
1984).  Massive  truncal  hemorrhage  accounts  for  most  of  these  deaths. 
However,  one  analysis  indicates  that  as  many  as  22%  of  fatal  vascular 
injuries  were  located  in  the  extremities,  in  areas  in  which  the  hemor¬ 
rhage  could  have  been  controlled  by  the  rapid  application  of  first  aid,  Le., 
direct  pressure  (Bellamy  1984).  In  Vietnam,  newsreel  footage  documents 
casualties  with  spurting  arterial  hemorrhage  being  loaded  onto  helicop¬ 
ters  for  evacuation  to  "definitive"  care. 


4.3  Blood  Transfusion  in  Military  Trauma 

Blood  transfusions  and  intravenous  fluid  infusions  have  been  lifesaving 
in  combat  casualties  since  World  War  I  (Robertson  1918).  Blood  is  used 
to  resuscitate  casualties  in  severe  shock,  to  replace  blood  perioperatively, 
and  to  correct  subsequent  anemia  in  casualties  with  deficits  in  red  cell 
mass  after  fluid  replacement  with  crystalloid  solutions. 

Most  casualties  who  receive  blood  transfusions  have  hemorrhage  requir¬ 
ing  surgical  control.  Military  doctrine  has  been  developed  to  provide 
large  quantities  of  blood  to  field  hospitals,  and  a  well  organized  logistics 
network  (U.S.  Armed  Forces  Blood  Program)  has  been  established  to  ac¬ 
complish  this  task. 

In  Vietnam,  46%  of  all  casualties  admitted  to  field  hospitals  received 
blood  transfusions  (Mendelson  1975).  Similar  percentages  were  reported 
in  the  Falkland  Islands  campaign  (64%)  (Jowitt  and  Knight  1983)  and 
during  the  civil  war  in  Lebanon  (50%)  (Allam,  Nassif  and  Alami  1983). 
In  a  recent  report  from  the  International  Committee  of  the  Red  Cross 
(ICRC),  only  16%  of  casualties  treated  in  ICRC  field  hospitals  in  Thai- 
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land  and  Pakistan  were  transfused;  however,  almost  70%  of  the  Cambo¬ 
dian  and  Afgani  casualties  described  in  this  report  arrived  at  hospitals 
more  than  six  hours  after  being  wounded  (Eshaya-Chauvin  and  Coup¬ 
land  1992). 

The  number  of  units  of  blood  transfused  per  hospitalized  casualty  has 
been  reported  as  0. 9-4.4  units  during  World  War  II,  Korea,  and  Vietnam 
(Camp,  Conte  and  Brewer  1973).  This  number  is  confounded  by  the  in¬ 
clusion  of  all  hospitalized  patients  in  the  denominator,  whether  or  not 
they  were  hospitalized  for  wounds.  For  planning  purposes,  a  more  useful 
figure  is  the  number  of  units  transfused  per  casualty  receiving  blood.  In 
Vietnam,  patients  were  transfused  with  an  average  of  4.3  units  (Mendel- 
son  1975).  Similar  values  were  reported  from  Lebanon  (4.6  units/casu- 
alty)  (Allam,  Nassif  and  Alami  1983);  however,  only  2.9  units/casualty 
were  administered  by  the  ICRC  field  hospitals  (Eshaya-Chauvin  and 
Coupland  1992). 

The  amount  of  blood  administered  in  field  hospitals  has  depended  on  in¬ 
dividual  clinical  practice,  on  clinical  standards,  and  on  the  nature  of 
wounds.  Ringer’s  lactate  used  in  Vietnam  was  called  "Texas  white  blood" 
in  reference  to  its  almost  exclusive  use  in  resuscitation  by  a  surgeon 
from  Dallas  (Shires  and  Canizaro  1973).  The  infrequency  of  single-unit 
transfusions  reported  in  Vietnam  -  rates  varied  from  0  to  8%  in  several 
large  series  (Byerly  and  Pendse  1981,  Mendelson  1975)  -  may  reflect  the 
use  of  blood  in  resuscitating  severely  hemorrhaging  casualties  before 
bleeding  could  be  surgically  controlled.  The  nature  of  injuries  caused  by 
land  mines  led  to  greater  blood  use  in  these  casualties  than  in  those 
caused  by  gunshot  wounds  or  fragments  from  bombs  or  rockets. 

Universal-donor  (Type  O,  Rh  positive)  blood  was  widely  used  before 
1966;  most  blood  used  subsequently  has  been  fully  cross-matched.  The 
administration  of  universal-donor  blood  is  extremely  safe;  more  than 
100,000  such  units  were  given  in  Vietnam  without  a  single  fatal  hemo- 
l5d;ic  transfusion  reaction  (Camp,  Conte  and  Brewer  1973).  These  units 
represent  at  least  16%  of  all  transfusions  during  that  war.  Typing  and 
cross-matching  can  be  performed  within  20  minutes,  but  the  inappropri¬ 
ate  dependence  on  test-tube  cross-matching  in  emergency  situations  in 
Vietnam  led  to  patient  identification  errors,  more  than  40  hemolytic 
transfusion  reactions,  and  nine  recognized  fatalities  (Camp,  Conte  and 
Brewer  1973).  Seventy  percent  of  the  1.3  million  units  of  blood  sent  to 
Vietnam  were  Type  O,  and  more  than  half  of  all  the  blood  sent  to  Viet¬ 
nam  outdated.  Given  the  distribution  of  blood  types  in  the  American 
population  and  random  outdating,  this  suggests  that  only  200,000  trans¬ 
fusions  in  non-Type  O  individuals  could  have  been  type-specific.  Thus, 
the  published  rates  probably  underestimate  the  frequency  of  universal- 
donor  transfusion  in  Vietnam  and  overestimate  the  safety  of  cross¬ 
matching  in  the  typical  circumstances  of  casualty  care  (Collins  1973). 
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4.4  The  Indications  for  Transfusion 

While  the  therapeutic  objectives  in  bleeding  patients  are  straightfor¬ 
ward,  the  precise  clinical  indications  that  should  trigger  red  blood  cell 
transfusion  in  surgical  care  remain  variable  and  controversial.  They  are 
further  complicated  by  the  quest  for  clear-cut  medico-legal  standards. 
The  recent  SANGUIS  study  of  blood  use  in  major  teaching  hospitals  in 
Western  Europe  showed  that  use  varied  between  hospitals  from  0  to 
100%  for  several  common  major  surgical  procedures  (Baele  1994).  Offi¬ 
cial  doctrine  in  World  War  II  and  common  practice  in  the  Korean  conflict 
defined  procedure  to  transfuse  patients  to  hematocrits  around  40%  to  in¬ 
sure  hemodynamic  stability  and  wound  healing  (Kendrick  1964,  Crosby 
1988).  Awareness  of  the  infectious  risk  of  blood  and  a  better  understand¬ 
ing  of  oxygen  delivery  have  led  to  much  more  cautious  use  of  blood  in  the 
1990s. 

In  the  United  States,  consensus  conferences  sponsored  by  the  National 
Institutes  of  Health  and  position  papers  from  professional  organizations 
have  discredited  the  old  "transfusion  trigger"  of  a  hemoglobin  below  10 
g/dl  or  a  hematocrit  below  30%  (NIH  1988,  AGP  1992).  New  guidelines 
emerging  from  these  conferences  have  not  addressed  trauma  care  spe¬ 
cifically.  NATO  doctrine  for  military  trauma  transfusion  follows  guide¬ 
lines  established  by  the  American  College  of  Surgeons  for  the  Advanced 
Trauma  Life  Support  (ATLS)  course  (Bowen  and  Bellamy  1988,  OTSG 
1991).  Blood  transfusion  is  indicated  for  casualties  with  evidence  of  on¬ 
going  hemorrhage  in  the  presence  of  shock  and  for  those  whose  vital 
signs  either  fail  to  respond  or  respond  only  transiently  to  volume  infu¬ 
sion.  These  guidelines  also  recommend  administering  blood  to  casualties 
bleeding  more  than  100  ml/min. 

Several  authors  recommend  hemoglobin  concentrations  below  7  g/dl 
(OTSG  1991)  or  8  g/dl  (Allam,  Nassif  and  Alami  1983)  as  "triggers"  for 
transfusion.  However,  criteria  based  on  hemoglobin  concentration  suffer 
from  the  fact  that  the  minimally  acceptable  hemoglobin  concentration  is 
an  individual  characteristic  that  depends  on  non-hemoglobin  variables, 
including  the  ability  to  increase  cardiac  output,  tissue  oxygen  demand, 
pH,  the  ability  to  oxygenate  available  hemoglobin,  and  the  adequacy  of 
perfusion  to  critical  vascular  beds  (Lundsgaard-Hansen  1992).  Clinical 
studies  show  that  some  healthy  young  people  tolerate  general  anesthesia 
and  surgery  with  hemoglobin  concentrations  close  to  the  critical  oxygen 
delivery  threshold  of  4  g/dl  (Spense  1991)  while  older  patients  with  vas¬ 
cular  disease  can  show  electrocardiographic  abnormalities  at  hemoglobin 
concentrations  of  10  g/dl,  which  improve  with  red  blood  cell  transfusion 
(Czer  and  Shoemaker  1978). 

Another  group  of  proposed  transfusion  criteria  are  based  on  the  mixed 
venous  oxygen  saturation,  such  as  a  mixed  venous  oxygen  saturation 
less  than  67%  (Lundsgaard-Hansen,  Doran  and  Blauhut  1989)  or  an  oxy- 
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gen  extraction  ratio  of  greater  than  50%  (Wilkerson  et  al.  1987).  These 
values,  which  correspond  under  normal  circumstances  to  pulmonary  ar¬ 
tery  oxygen  tensions  of  35  and  30  torr,  have  very  limited  ability  to  dis¬ 
criminate  whether  or  not  additional  red  blood  cells  will  improve  oxygen 
consumption  at  hemoglobin  concentrations  above  7  g/dl.  As  blood  gas  de¬ 
terminations  are  not  available  in  most  field  hospital  situations,  the  deci¬ 
sion  to  transfuse  emergently  remains  a  clinical  judgement  based  on 
physical  findings  and  the  hemoglobin. 

Hemoglobin  concentration  does  not  have  the  same  meaning  in  acutely 
hemorrhaging  trauma  patients  that  it  has  in  more  stable  surgical  pa¬ 
tients.  High  hemoglobin  concentrations  or  hematocrits  in  combat  casual¬ 
ties  often  underestimate  the  acute  intravascular  volume  loss,  as  demon¬ 
strated  in  the  Danang  Naval  blood  utilization  study  where  the  mean 
admission  hematocrit  was  36.5  ±  5.3%  (McCaughey  et  ah  1988).  Low  he¬ 
moglobin  concentrations  that  are  well  tolerated  in  study  models,  such  as 
anemic  volunteers  or  animals  who  are  otherwise  healthy,  may  not  be 
safe  for  military  trauma  casualties.  Additional  encroachments  on  tissue 
oxygen  supply  may  result  from  increased  cellular  metabolic  require¬ 
ments,  arterial  hypoxemia,  or  alkalosis,  leaving  little  physiologic  reserve 
at  lower  hemoglobin  concentrations.  The  availability  of  supportive  meas¬ 
ures  that  could  increase  tissue  oxygen  delivery,  such  as  oxygen  and  ven¬ 
tilators,  is  likely  to  be  limited  in  the  austere  settings  of  field  hospitals. 

The  decision  to  transfuse  trauma  patients  is  a  clinical  decision  embed¬ 
ded  in  the  emergency  context  in  which  the  usual  objective  laboratory 
measures  can  mislead.  A  recent  review  of  blood  use  in  1992  in  all  Class  I 
trauma  centers  in  Illinois  showed  that  18%  of  patients  who  received  any 
blood  transfusion  received  only  a  single  unit  of  red  blood  cells,  and  that 
53%  received  two  units  or  less  (Gould  et  al.  1994).  Thus,  in  these  civilian 
centers  where  85%  of  the  injuries  are  blunt  trauma,  the  decision  to  start 
transfusing  is  shortly  followed  by  the  decision  to  stop.  The  current  ATLS 
blood  transfusion  decision  algorithm  used  in  these  centers  may  lead  to 
some  unnecessary  blood  transfusion,  but  blood  is  a  powerful  tool  to  cor¬ 
rect  the  signs  of  hemorrhagic  shock,  and  the  clinical  price  of  untreated 
shock  is  high. 


4.5  Planning  for  Military  Blood  Use 

At  the  height  of  the  Cold  War,  plans  for  military  blood  use  were  based  on 
predictions  of  high-intensity  combat  involving  field  armies  with  millions 
of  soldiers  on  the  plains  of  northern  Europe.  Blood  requirements  of  more 
than  100,000  units  a  day  were  estimated.  At  that  rate,  blood  use  would 
have  been  more  than  three  times  the  sustained  yield  of  the  entire  U.S. 
blood  banking  system  (Wallace,  Surgenor  and  Hao  1993).  Additional  lo¬ 
gistic  constraints  required  that  blood  be  available  on  short  notice  and 
that  it  not  monopolize  limited  airlift  capabilities.  These  issues  became 
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the  driving  forces  in  the  development  of  alternatives  to  liquid  blood.  As 
the  Soviet  military  threat  has  diminished,  U.S.  military  blood  require¬ 
ments  have  been  markedly  reduced.  Requirements  to  deploy  blood  with 
U.S.  troops  around  the  world  remain. 

Estimates  of  blood  use  based  on  previous  U.S.  military  experience  sug¬ 
gest  far  more  modest  blood  requirements.  Even  the  largest  demands  for 
blood  faced  in  1968,  when  476,000  units  were  shipped  to  Vietnam,  or  in 
1991,  when  120,000  units  were  shipped  to  the  Persian  Gulf,  represent 
less  than  4%  and  1%,  respectively,  of  the  annual  blood  supply  in  the 
United  States.  Although  60%  of  the  blood  shipped  to  Vietnam  and  85%  of 
the  blood  sent  to  the  Persian  Gulf  became  outdated,  the  costs  to  provide 
guaranteed  availability  are  willingly  borne  by  military  planners.  The  to¬ 
tal  number  of  red  blood  cell  units  that  have  outdated  to  meet  U.S.  mili¬ 
tary  contingency  requirements  over  the  last  50  years  appears  to  be  ap¬ 
proximately  1  million  units. 

Advances  in  medical  knowledge  and  technology  can  be  expected  to  fur¬ 
ther  reduce  military  requirements  for  blood.  Knowledge  of  patterns  of 
combat  death  has  shaped  training  doctrine  for  soldiers  and  medics  to 
emphasize  of  the  importance  of  good  first  aid  for  hemorrhage  control  to 
reduce  primary  blood  loss.  Resuscitation  research  has  pointed  out  the 
importance  of  avoiding  excessive  fluid  replacement  in  hemorrhaging  pa¬ 
tients  (Bickell  et  al.  1994). 

Reducing  fluid  administered  will  limit  blood  loss  and  blood  dilution. 
Trauma  surgeons  have  developed  a  set  of  techniques  collectively  called 
"damage  control  surgery"  with  emphasis  on  rapid  hemorrhage  control 
and  avoidance  of  the  coagulopathy  of  hypothermia  (Rotondo  et  al  1993). 
Tissue  adhesives,  such  as  the  fibrin  glue  and  fibrin  foam  used  success¬ 
fully  for  hemorrhage  control  in  World  War  II  (Kendrick  1964),  are  being 
redeveloped  now  that  the  infectious  disease  risks  of  such  products  ap¬ 
pear  preventable. 

Computer  management  of  blood  on  the  battlefield  and  computer  cross¬ 
matching  of  blood  for  transfusion  on  the  battlefield  both  will  increase  the 
efficiency  of  blood  use.  Lastly,  improvements  in  liquid  blood  storage  will 
reduce  blood  outdaring. 


4.6  Red  Blood  Cell  Substitutes  in  Military  Trauma 

The  efficacy  of  red  blood  cell  transfusions  in  the  treatment  of  hemor¬ 
rhagic  shock  has  been  well  substantiated  for  over  half  a  century.  The 
safety  of  both  universal-donor  and  type-specific  blood  and  the  recovery 
and  survival  of  red  blood  cells  in  banked  blood  is  likewise  well  docu¬ 
mented. 

Military  surgical  management  and  blood  requirements  are  clearer  and 
more  readily  met  than  at  any  time  in  history.  In  this  context,  a  red  blood 
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cell  substitute  must  have  good  oxygen-carrying  capacity,  universal- 
recipient  compatibility,  and  long  shelf  storage  and  be  limited  only  by 
manageable  side  effects  and  short  intravascular  persistence.  But  even 
so,  it  cannot  replace  red  blood  cells  on  the  battlefield,  because  it  may  not 
fulfill  all  of  the  functions  of  transfused  red  blood  cells  in  combat  casualty 
care.  There  is  no  evidence  for  instance  that  in  a  severely  injured  and 
massively  transfused  casualty,  any  such  red  blood  cell  substitute  can 
provide  hemod5aiamic  stability  and  hemostasis.  But  if  red  blood  cells  are 
still  needed  on  the  battlefield,  then  much  of  the  logistic  benefit  of  field¬ 
ing  a  substitute  is  lost.  And  if  more  than  one  unit  of  the  substitute  is  re¬ 
quired  to  replace  each  unit  of  blood  because  of  short  intravascular  persis¬ 
tence,  then  the  benefit  diminishes  further. 

In  the  pre-hospital  setting,  oxygen-carrying  solutions  must  be  better 
than  crystalloid  solutions  at  prolonging  life  in  a  situation  where  oxygen¬ 
carrying  capacity  is  almost  always  adequate.  Control  of  hemorrhage  be¬ 
comes  the  critical  action  in  this  situation.  The  benefits  of  additional  oxy¬ 
gen  transport  will  be  marginal  at  best  and  difficult  to  prove. 

The  ability  to  provide  safe  blood  on  the  battlefield  is  better  now  than  it 
has  ever  been.  The  total  cost  in  outdated  units  of  providing  this  visible 
support  to  America’s  soldiers  has  been  about  1  million  units  over  the  last 
fifty  years,  or  about  20,000  units  a  year.  This  is  a  small  amount  in  a 
country  that  uses  12  million  units  of  blood  a  year.  The  extent  to  which  a 
safe  red  blood  cell  substitute  might  avoid  this  waste  of  blood  and  money 
remains  entirely  theoretical  at  present. 

The  U.S.  Army  has  contributed  extensively  to  the  development  of  red 
blood  cell  substitutes  and  has  benefited  greatly  from  the  better  under¬ 
standing  of  blood  function  that  has  resulted.  Producing  a  useful  red 
blood  cell  substitute  remains  an  Army  technical  objective.  Meanwhile, 
the  care  of  American  soldiers  wounded  in  combat  can  be  accomplished 
with  crystalloid  fluids  and  human  blood  products,  and  the  orderly  devel¬ 
opment  and  testing  of  red  blood  cell  substitutes  can  continue. 
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ABSTRACT 

The  use  of  PFCs  in  medicine  has  been  the  subject  of  much  research 
over  the  past  30  years.  Recent  technological  progress  in  second  gen¬ 
eration  oxygen  transport  products  has  solved  many  of  the  problems  of 
Fluosol  DA®  including  PFC  concentration,  elimination  of  surfactant 
side  effects  and  improved  storage  stability.  Some  side  effects,  most 
notably,  thrombocytopenia  and  flu-like  symptoms  still  remain  to  be 
solved.  Two  new  oxygen  transport  formulations,  Oxyfluor™  and 
Oxygent™  are  in  clinical  trials  at  this  time.  Several  applications  of 
PFCs  have  been  approved  for  use  by  the  FDA  but  have  languished  in 
the  market  place.  Prominent  among  these  is  the  application  of  Fluosol 
DA®  to  PTCA  and  Imagent  GI  for  MRI  contrast  in  the  bowel.  Other 
applications  such  as  cancer  therapy,  ultrasound  contrast  and  direct 
MR  imaging  continue  to  show  promise. 


5.1  Introduction 

The  search  for  solutions  to  temporarily  replace  the  oxygen  transport 
function  of  blood  has  been  underway  in  academia,  the  military  and  in¬ 
dustry  for  close  to  50  years.  Recent  advances  in  perfluorocarbon  emul¬ 
sion  technology  indicate  that  the  problems  which  have  impeded  develop¬ 
ment  of  useful  medical  products  in  this  field  may  now  be  moving  towards 
solution. 

The  historical  background,  mechanism  of  oxygen  transport  and  funda¬ 
mental  aspects  of  perfluorocarbons  and  their  emulsions  has  recently 
been  reviewed  (Riess  and  Leblanc  1978,  Riess  1984,  Kaufman  1991, 
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Kaufman  1992).  This  review  will  focus  on  new  advances  in  the  clinical 
development  of  perfluorocarbon  emulsions. 


5.2  Applications 

5.2. 1  Temporary  Oxygen  Transport 

Since  the  pioneering  experiments  of  Clark,  Sloviter  and  Geyer  (Clark 
and  Gollan  1966,  Sloviter  and  Kamimoto  1967,  Geyer,  Monroe  and  Tay¬ 
lor  1968),  much  research  has  been  devoted  to  developing  medically  use¬ 
ful  oxygen  transport  products  based  on  perfluorocarbons  (PFCs)  to  tem¬ 
porarily  replace  the  oxygen  transport  function  of  whole  blood.  Green 
Cross  was  the  first  company  to  reach  clinical  trials  with  an  emulsion 
containing  two  perfluorocarbons,  70%  perfluorodecalin  and  30% 
perfluorotripropylamine,  using  pluronic  as  the  primary  surfactant.  This 
emulsion,  called  Fluosol  DA®,  contained  10%  PFC  by  volume  and  had  to 
be  stored  in  the  frozen  state  (Riess  1984). 

Clinical  results  with  Fluosol  DA®  in  oxygen  transport  were  discouraging. 
In  studies  of  severely  anemic  surgical  patients  (Hb  <10)  who  refused 
transfusions  on  religious  grounds,  Fluosol  failed  to  provide  more  than  a 
transient  boost  in  arterial  oxygen  tension  (Gould  et  al.  1986).  Fluosol 
DA®  did  contribute  28%  of  the  oxygen  consumption  of  these  patients. 
However,  this  gain  in  oxygen  consumption  due  to  the  PFC  was  offset  by 
dilution  of  the  hemoglobin.  After  infusion  of  Fluosol  DA®,  the  net  oxy¬ 
gen  carried  by  the  red  cells,  the  plasma  and  the  PFC  was  the  same  as 
that  carried  by  the  red  cells  and  plasma  before  infusion  (Table  5.1). 


Table  5.1  Hemodynamics  and  oxygen  transport  properties  before  and 
after  Fluosol  DA®  administration  in  eight  patients 


Property 

Before 

Fluosol  DA® 

After 

Fluosol  DA® 

o 

Oxygen  Delivery  (mL/min/m  ) 

235±27 

197±32 

Oxygen  Consumption  (mlVmin/m"^) 

109±13 

88±11 

Arterial  Oxygen  Tension  (Torr) 

356±24 

430±19^ 

Venous  Oxygen  Tension  (Torr) 

40±3.9 

78.2±3 

^Values  given  as  the  mean±SE. 

^Data  were  obtained  at  peak  arterial  oxygen  content  after  Fluosol  DA® 
administration. 

^The  difference  between  values  before  and  after  Fluosol  DA®  is  significant 
(p<0.05). 

Data  from  Gould  et  al.  (1986). 
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The  conclusions  from  Gould’s  study  were  that  Fluosol  DA®  was  safe  hut 
ineffective.  In  order  to  achieve  a  circulating  PFC  concentration  of  5%  re¬ 
quired  an  infusion  of  2800  mL  of  Fluosol  DA®,  90%  of  which  is  aqueous. 
Therefore,  concentrated  emulsions  would  be  necessary  to  achieve  a  PFC 
concentration  at  which  significant  oxygen  transport  occurs  without  dilut¬ 
ing  hemoglobin. 

Additional  clinical  trials  revealed  that  complement  activation  occurred 
in  5-10%  of  the  patients  treated  with  Fluosol  DA®.  The  surfactant,  plu- 
ronic  F-68,  was  subsequently  implicated  as  the  cause  of  this  effect 
(Tremper,  Vercellotti  and  Hammerschmidt  1984).  The  clinical  experi¬ 
ence  with  the  first  generation  product,  Fluosol  DA®,  demonstrated  that 
future  products  needed  to  be  more  concentrated,  free  from  pluronic  sur¬ 
factants  and  possess  better  storage  stability. 

Two  new  products  in  development  appear  to  have  solved  these  problems: 
Ox5dluor™  from  HemaGen/PFC  and  Oxygent^’^  from  Alliance  Pharma¬ 
ceutical. 

Oxyfluor™  is  a  40%  v/v  emulsion  of  perfluorodichlorooctane  (PFDCO) 
stabilized  using  egg  yolk  phospholipid  and  safflower  oil.  In  equilibrium 
with  100%  oxygen  at  37°C,  Oxyfluor™  carries  17.2  volume  %  oxygen. 
Oxyfluor™  has  a  shelf-life  of  greater  than  one  year  at  room  temperature. 

PFDCO  has  a  molecular  weight  of  471,  boils  at  155°C  and  has  a  density 
of  1.76  g/mL.  It  is  a  lipophilic  PFC  and  is  soluble  in  many  hydrocarbons 
and  other  organic  solvents.  The  ozone  depletion  potential  (ODP)  of  PF¬ 
DCO  is  <  0.25. 

PFDCO  was  discovered  in  a  collaboration  between  HemaGen  and  3M 
scientists  when  animal  studies  using  perfluorodecalin  (PFD)  and  per- 
fluorooctyl  bromide  (PFOB)  demonstrated  that  some  PFCs  caused  pul¬ 
monary  hyperinflation  in  rats  and  dogs.  The  phenomenon  is  character¬ 
ized  by  an  increase  in  respiratory  rate,  an  increase  in  functional  residual 
capacity,  a  decrease  in  inspiratory  capacity  and  a  reduction  in  arterial 
oxygen  tension.  Gross  necropsy  in  rats  or  dogs  at  the  time  of  peak  effect 
showed  lungs  which  remained  inflated  after  removal  from  the  chest.  In 
rats,  the  lung  volume  from  PFD  treated  rats  measured  by  water  dis¬ 
placement  is  two  to  three  times  control.  Histologic  evaluation  of 
hyperinflated  lungs  did  not  reveal  any  structural  defects.  Except  in  ex¬ 
treme  cases  such  as  perfluorodimethlycyclohexane,  this  effect  is  not  le¬ 
thal  in  rats.  Pulmonary  hyperinflation  was  completely  reversible  with 
time,  generally  peaked  at  four  to  seven  days  post-infusion  and  disap¬ 
peared  completely  by  30  -  60  days  post-infusion. 

A  key  problem  in  identification  of  new  candidate  molecules  was  to  find 
PFCs  that  did  not  cause  pulmonary  hyperinflation  but  retained  suffi¬ 
cient  vapor  pressure  to  leave  the  body  in  a  reasonable  time  frame.  To 
identify  compounds  with  both  properties,  new  PFCs  were  tested  in  rats 
for  lung  inflation  by  measurement  of  lung  volume  by  water  displacement 
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and  for  liver  clearance  by  gas  chromatographic  analysis  of  tissue  at  2 
and  14  days  post-infasion.  The  results  from  a  comparison  of  the  lung 
volumes  induced  by  PFD,  PFOB,  PFDCO  and  saline  in  rats  is  shown  in 
Table  5.2. 


Table  5.2  Effect  of  three  PFCs  on  lung  inflation  in  the  rat. 


Treatment 

Gross  Appearance 

Lung  Volume^ 

PFD 

Marked  Hyperinflation 

2.20 

PFOB 

Modest  Hyperinflation 

1.10 

PFDCO 

Normal,  Collapsed 

0.90 

Saline 

Normal,  Collapsed 

0.87-0.91 

^mlVlOO  grams  of  body  weight.  Values  are  mean  often  rats. 


The  results  of  the  rodent  tissue  clearance  studies  for  PFDCO  are  shown 
in  Figure  5.1.  The  liver  half-life  is  about  8  days  and  the  PFDCO  drops 
below  the  level  of  detection  by  60  days  post-infusion. 


Liver 

Spleen 

Lung 


Figure  5.1  Clearance  rate  of  PFDCO  from  the  liver,  spleen  and  lungs. 


Candidate  PFCs  that  passed  the  rodent  tests  were  then  tested  in  ba¬ 
boons  for  effects  on  pulmonary  function  as  well  as  vital  signs,  hematol¬ 
ogy,  coagulation  and  clinical  chemistry.  Historically,  increases  in  respi¬ 
ratory  rate  correlate  well  with  a  decrease  in  inspiratory  capacity  and  ar- 
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terial  blood  gas  tension,  and  an  increase  in  functional  residual  capacity. 
PFDCO  was  compared  to  PFOB  and  PFD  since  they  were  the  most 
widely  studied  PFCs  in  the  field.  PFD,  which  exhibited  the  largest  ro¬ 
dent  lung  volume,  had  increased  respiratory  rate  to  200%  of  baseline  by 
day  one  post-infusion  in  the  baboon.  PFOB,  which  marginally  inflated 
lungs  in  rats,  surprisingly  increased  respiratory  rate  to  400%  of  baseline 
by  four  days  post-infusion  in  the  baboon  and  still  exhibited  elevated  res¬ 
piratory  rate  60  days  post-infusion  (Figure  5.2).  Respiratory  rate  in  PF¬ 
DCO  treated  baboons  rose  only  to  140%  of  baseline  by  seven  days  post 
infusion  and  was  in  the  normal  range  thereafter.  PFDCO  had  only  mod¬ 
est  (<20%)  changes  in  inspiratory  capacity,  functional  residual  capacity 
and  arterial  blood  gases.  PFD  and  PFOB  were  similar  in  their  marked 
effect  on  pulmonary  function  (Kaufman  1992).  Baboons  treated  with 
these  PFCs  had  a  35%  decrease  in  inspiratory  capacity  and  a  200%  in¬ 
crease  in  functional  residual  capacity  between  days  four  and  seven  post 
infusion.  Blood  gas  oxygen  tension  fell  below  60  mm  Hg  at  day  four 
post-infusion  in  animals  treated  with  PFD  or  PFOB,  while  PFDCO 
treated  animals  remained  in  the  normal  range  throughout  the  post¬ 
infusion  period. 


PFD 

PFOB 

PFDCO 


Figure  5.2  Comparison  of  PFD,  PFOB  and  PFDCO  on  respiratory  rate  as  a 
percent  of  baseline  in  the  baboon  at  8  ccPFC/kg. 


Pre-clinical  animal  studies  with  Oxyfluor™  in  models  of  shock  resuscita¬ 
tion  (Goodin  et  al.  1994)  and  surgical  anemia  (Kaufman  1992)  have 
shown  efficacy  for  oxygen  transport.  In  contrast  to  traditional  shock 
models,  this  model  utilized  compromised  tissue  oxygenation  as  an  end¬ 
point.  Groups  of  dogs  were  hemorrhaged  to  a  mixed  venous  oxygen  ten¬ 
sion  of  <25  mm  Hg  and  held  there  for  10  minutes.  They  were  resusci¬ 
tated  with  either  Oxyfluor™  (4  ccPFC/kg  or  15  cc/kg  of  emulsion)  or 
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lactated  Ringer’s  solution  (15  mL/kg)  while  breathing  100%  oxygen. 
Dogs  resuscitated  with  Oxyfluor™  had  normal  mixed  venous  oxygen  ten¬ 
sion  post-resuscitation  and  all  survived.  Dogs  resuscitated  with  lactated 
Ringer’s  solution  only  returned  80%  of  a  normal  mixed  venous  oxygen 
tension  and  only  62.5%  survived  (Figure  5.3). 


Figure  5.3  Effect  of  4  ccPFC/kg  of  Ox3rfluor^®^  on  mixed  venous  oxygen  ten¬ 
sion  in  shocked  dogs. 


In  the  model  of  surgical  anemia,  dogs  were  hemodiluted  to  a  hematocrit 
of  20%  and  then  infused  with  Ox5dluor™  and  allowed  to  breath  100% 
oxygen.  Following  the  administration  of  Oxyfluor™,  the  arterial  oxygen 
tension,  venous  oxygen  tension  and  oxygen  consumption  were  all  in¬ 
creased  significantly  for  90  minutes.  Results  show  that  40%  of  the  con¬ 
sumed  oxygen  was  derived  from  the  circulating  PFC  for  up  to  90  minutes 
post-infusion.  This  dramatically  illustrates  the  ability  of  PFCs  to  deliver 
significant  amounts  of  oxygen  to  tissues  (Figure  5.4). 

A  Phase  I  clinical  trial  in  healthy  human  volunteers  has  been  completed 
with  Oxyfluor™.  This  trial  involved  three  dosing  levels  with  six  treat¬ 
ment  and  six  control  subjects  at  each  dosage  level.  The  study  was  ran¬ 
domized  within  each  dosing  level  and  was  double  blinded.  The  subjects 
were  monitored  for  vital  signs,  hemodynamics,  clinical  chemistry,  hema¬ 
tology,  coagulation,  pulmonary  function  and  pharmacokinetics  for  30 
days  post-infusion.  There  were  no  reportable  adverse  events,  bleeding 
abnormalities,  respiratory  abnormalities,  cardiac  abnormalities  or  com¬ 
plement  activation. 
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Time  After  Infusion  (Min) 

Figure  5.4  Fractional  contribution  to  oxygen  consumption  of  4  ccPFC/kg  of 
Oxyfluor™  in  anemic  dogs. 

Dose  related  flu-like  symptoms  were  observed  four  hours  post-infizsion 
and  included  fever,  chills,  nausea,  leukoc5rtosis  and  PMN  shift,  increased 
heart  rate  and  lowered  diastolic  blood  pressure.  Only  the  high  dose 
group  showed  consistent  fever,  which  peaked  at  101°F  eight  hours  post¬ 
infusion  (Figure  5.5). 


Hours  Post  Infusion 


—  Normal  Low 

- e — 

-0.25  mlPFC/kg 

- A— 

-0.50mlPFC/kg 

- ^ 

- 1.0  ml  PFC/kg 

- B— 

—  Saline 

-  Normal  High 

Figure  5.5  Effect  of  Oxyfluor™  on  body  temperature  (“F)  of  human  sub¬ 
jects  after  infusion  at  various  doses. 


60 


R,J.  Kaufman 


The  diastolic  blood  pressure  dropped  in  the  high  dose  group  to  a  nadir  of 
55  mm  Hg  at  four  to  12  hours  post-infusion  (Figure  5.6),  while  the  high- 
dose  group  heart  rate  rose  to  105  beats  per  minute  in  the  same  time 
frame  (Figure  5.7).  The  flu-like  symptoms  resolved  by  24  hours  post¬ 
infusion  without  intervention  and  appeared  to  be  the  direct  consequence 
of  phagocytosis  of  the  PFC  particles. 


Hours  Post  Infusion 


Figure  5.6  Effect  of  Oxyfluor™  on  disastolic  pressure  (mm  Hg  of  human 
subjects  after  infusion  at  various  doses. 


Pre  End  1  2  4  8  12  24  48  96  168  336  504  720 

Hours  Post  Infusion 


Figure  5.7  Effect  of  Ox3dluor™  on  heart  rate  (beats/minute)  of  human  sub¬ 
jects  after  infusion  at  various  doses. 


Clinical  Development  of  Perfluorocarhon 


61 


■ 


The  leukoc5rtosis  that  accompanied  the  flu-like  symptoms  began  at  four 
hours  in  the  high  dose  group  and  peaked  at  24  hours  post  infusion  (Fig¬ 
ure  5.8). 


Figure  5.8  Effect  of  Ojgrfluor™  on  white  cells  (WBC/jiL)  of  human  subjects 
after  infusion  at  various  doses. 


In  addition,  a  dose  responsive,  mild  thromboc5rtopenia  was  observed  two 
days  post-infusion  (Figure  5.9)  with  a  nadir  of  125,000/mL.  Platelet 
numbers  returned  to  normal  by  four  days  post-infusion.  There  was  no 
evidence  of  bleeding  associated  with  the  drop  in  platelet  count. 


Normal  Low 
— ®— 0.25  ml  PFC/kg 
—^0.50  ml  PFC/kg 
—^1.0  ml  PFC/kg 
®  Saline 

Normal  High 


Figure  5.9  Effect  of  three  doses  of  Ojgdluor™  on  platelet  number  (XIOOO) 
over  time. 
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The  pharmacokinetics  of  Oxyfluor™  were  dose  responsive  with  a  blood 
half-life  of  two  hours  at  1  ccPFC/kg  as  measured  by  gas  chromatographic 
analysis  of  subjects’  blood. 

Animal  studies  have  indicated  that  the  flu-like  symptoms  triggered  by 
Oxyfluor™  (and  other  PFC  emulsions)  appear  to  be  due  to  phagoc5d;osis 
of  the  particles  by  macrophages  and  subsequent  release  of  cytokines  and 
arachadonic  acid  metabolites.  Pre-treatment  of  mice  with  dexameth- 
asone  (Kaufman  1994)  followed  by  8  ccPFC/kg  of  Oxyfluor™  resulted  in 
a  significant  reduction  in  the  quantity  of  circulating  IL-6  (Figure  5.10). 


Figure  5.10  Effect  of  0.1  mg/^g  of  dexamethasone  on  IL-6  (ng/mL)  produc¬ 
tion  induced  by  Oxyfluor™  in  mice. 


Subsequent  clinical  investigations  will  focus  on  the  safety  of  Oxyfluor™ 
in  surgical  patients. 

The  other  PFC  based  product  in  clinical  development,  Oxygent™  is  a  90 
w/v%  (46  v/v%)  emulsion  of  PFOB  using  egg  yolk  phospholipid.  The 
emulsion  is  reported  to  be  stable  at  room  temperature  for  at  least  one 
year.  PFOB  is  lipophilic,  has  a  molecular  weight  of  499,  boils  at  141  °C 
and  has  a  density  of  1.92  g/mL.  The  ODP  of  PFOB  is  between  0.25  and  2. 
PFOB  has  tissue  clearance  characteristics  similar  to  PFDCO.  Oxygent™ 
has  been  tested  in  dog  models  of  surgical  anemia  with  similar  results  to 
Ox3fluor™  (Cemaianu  et  al.  1993).  Clinical  trials  of  Oxygent™  have  been 
completed  in  both  healthy  human  volunteers  and  surgical  patients  (Kei- 
pert  1994,  Spence  1994).  Flu-like  symptoms  were  also  observed  at  4-6 
hours  post-infusion,  which  were  resolved  by  24  hours  post-infusion. 
Thromboc5d;openia  was  also  observed  in  these  patients  at  the  highest 
dose  with  the  nadir  of  140,000/mL  occurring  two  days  post-infusion. 
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A  study  of  a  similar  PFOB-based  product,  Imagent  BP,  demonstrated  re¬ 
versal  of  flu-like  symptoms  in  swine  using  dexamethasone,  ibuprofen  or 
indomethacin  (Flaim  et  al.  1991). 

5.2.2  Elimination  of  Gaseous  Microemboil  during  Cardiopulmonary 
Bypass  (CPB)  Surgery. 

For  years  there  have  been  anecdotal  reports  of  neurological  and 
neuropsychological  deficits  following  CPB.  In  a  landmark  study,  Shaw, 
using  a  battery  of  neurological  and  neuropsychological  tests  quantita¬ 
tively  defined  the  extent  and  timing  of  the  problem  (Shaw  et  al.  1987). 
The  results  indicated  that  seven  days  post-CPB,  61%  of  patients  have 
neurological  deficits  and  79%  have  neuropsychological  deficits  and  that 
one  year  later,  the  deficits  had  persisted  in  about  half  of  these  patients 
(17%  and  38%,  respectively).  The  cause  of  these  deficits  have  not  been 
documented  but  are  believed  to  be  either  platelet  microaggregates 
caused  by  the  circulation  through  the  CPB  apparatus  or  gaseous 
microemboli  (GME)  generated  during  cannulation,  h5q)othermia  and  oxy¬ 
genation  of  the  blood.  In  1990,  two  groups  developed  data  that  strongly 
suggested  that  a  significant  portion  of  these  deficits  were  due  to  GME. 

Taylor  used  retinal  fluorescein  angiography  to  compare  patients  who 
had  b5q)ass  with  bubble  oxygenators  to  patients  who  had  b3q)ass  with 
membrane  oxygenators  (Blauth  et  al.  1990).  There  was  more  than  a  50% 
reduction  in  lesions  in  the  membrane-oxygenator  patient  group.  Moody 
performed  autopsies  on  patients  recently  expired  post-CPB  and  found 
numerous  small  capillary  arteriole  dilations  in  the  brain  which  were 
thought  to  be  due  to  GME  (Moody  et  al.  1990).  In  contrast,  brains  from 
patients  having  non-CPB  procedures  did  not  have  these  lesions. 

Spiess  found  that  PFC  emulsions  could  protect  animals  from  cerebral 
emboli  in  a  decompression  model  in  rats  (Spiess  et  al.  1988).  This  work 
suggested  that  PFC  emulsions  might  be  useful  in  eliminating  GME  from 
CPB  patients  and  result  in  an  improvement  in  their  neurological  and 
neuropsychological  outcome.  Using  retinal  angiography,  Taylor  found 
that  Oxyfluor™  significantly  reduced  the  frequency  of  GME  and  the  area 
of  circulatory  dropout  in  dogs  undergoing  CPB  (Taylor  et  al.  1992).  The 
data,  shown  in  Figure  5.11,  clearly  illustrates  that  low  doses  of  Oxy¬ 
fluor™  (1  ccPFC/kg)  produce  a  ten-fold  reduction  in  GME. 

5.2.3  Percutaneous  Transluminal  Coronary  Angioplasty  (PTCA). 

PFCs  have  been  found  to  eliminate  the  transient  myocardial  ischemia 
induced  during  balloon  inflation  during  PTCA  in  animal  models  (Spears 
et  al.  1983)  and  in  human  clinical  trials  (Cleman,  Jaffe  and  Wholgelem- 
ter  1986,  Jaffe  et  al.  1988).  In  the  clinical  trial,  symptomatic  patients 
with  single  lesions  of  70%  or  greater  stenosis  of  the  coronary  artery  un- 
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dergoing  PTCA  were  studied.  All  patients  underwent  a  preliminary  in¬ 
flation  without  perfusion.  Subsequent  inflations  were  done  with  either 
oxygenated  lactated  Ringer’s,  oxygenated  Fluosol  DA®  or  unoxygenated 
Fluosol  DA®.  The  data  showed  that  oxygenated  Fluosol  DA®  maintained 
an  ejection  fraction  identical  with  the  baseline  45  seconds  post-balloon 
inflation,  while  there  was  a  35%  reduction  in  ejection  fraction  in  the  con¬ 
trols.  Fluosol  DA®  was  approved  by  the  US  FDA  in  December  in  1989 
for  use  as  an  adjunct  in  high  risk  PTCA  patients.  Unfortunately,  im¬ 
proved  catheter  technology  has  reduced  the  market  for  this  product  to 
such  an  extent  that  the  manufacturer  has  withdrawn  the  product  from 
the  market. 
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Figure  5.11  Effect  of  1  and  4  ccPFC/kg  of  Oxyfluor™  on  capillary  drop¬ 
out  in  dogs  undergoing  CPB. 


5.2.4  Myocardial  Infarction  (Ml) 

Numerous  studies  have  suggested  that  PFCs  have  beneficial  effects  in 
animal  models  of  MI.  Generally  these  studies  have  investigated  two  dif¬ 
ferent  approaches  to  treating  MI:  as  a  method  of  oxygenating  the  myo¬ 
cardium  distal  to  the  coronary  artery  occlusion  (Glogar  et  al.  1981,  Nunn 
et  al.  1983)  or  as  an  adjunct  to  thrombolysis  to  prevent  reperfusion  in¬ 
jury  (Bajaj  et  al.  1989).  The  dog  studies  of  reperfusion  injury  showed  a 
60%  reduction  in  the  ratio  of  the  area  of  necrosis  to  the  area  at  risk 
(A|^/Aj^).  Mechanistically,  this  was  attributed  to  a  reduction  in  circulat¬ 
ing  neutrophils  and  reduced  neutrophil  chemotactic  ability  in  the  Fluo¬ 
sol  DA®-treated  dogs.  It  is  still  not  known  if  this  is  just  an  effect  of  the 
pluronic  surfactant. 

A  large  clinical  trial  of  Fluosol  DA®  in  reduction  of  reperfusion  injury, 
TAMI  -  9,  has  been  completed  (Wall  et  al.  1994).  In  this  study,  430  pa¬ 
tients  with  acute  MI  symptoms  of  less  than  6  hours  duration  and  ST  ele¬ 
vations  of  at  least  0.1  mV  in  two  of  six  leads  were  randomized  into  two 
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groups.  The  first  group  received  100  mg  tissue  plasminogen  activator 
(TPA)  and  15  mL/kg  of  Fluosol  DA®,  while  the  second  group  received 
TPA  alone.  The  clinical  endpoints  were  global  ejection  fraction,  regional 
wall  motion,  infarct  size  and  clinical  outcome.  There  were  no  significant 
differences  in  global  ejection  fraction,  wall  motion  or  infarct  size  between 
the  two  groups.  There  was  a  significant  increase  in  pulmonary  edema 
(45  vs.  31%)  and  a  reduction  in  the  incidence  of  recurrent  ischemia  (6  vs. 
11%)  in  the  Fluosol  DA®-treated  group. 

No  other  products  are  in  clinical  trials  for  this  indication. 

5.2.5  Cancer  Therapy 

Oxygenation  of  hypoxic  tumors  during  radiation  or  chemotherapy  has 
been  a  long-term  goal  of  radiologists  and  oncologists.  PFC  emulsions 
have  been  investigated  in  animal  models  for  their  ability  to  sensitize  tu¬ 
mors  to  radiation  and  chemotherapeutics  and  consequently  reduce  the 
rate  of  tumor  growth  (Teicher  and  Rockwell  1983).  Studies  with  oxygen 
electrodes  have  proven  that  animal  tumors  show  an  increased  oxygen 
tissue  tension  when  infused  with  PFCs  while  breathing  carbogen  (Song 
et  al.  1987).  Tumors  appear  to  preferentially  accumulate  PFCs  perhaps 
increasing  their  effectiveness  as  sensitizers  by  attracting  macrophages 
to  the  tumor  site  (Long  et  al.  1978).  Animal  studies  have  shown  that 
PFCs  do  not  sensitize  healthy  tissues  to  radiation  therapy  (Mate  and 
Rockwell  1985). 

There  have  been  at  least  six  clinical  trials  of  Fluosol  DA®  reported:  three 
as  an  adjunct  to  radiation  therapy  and  three  as  an  adjunct  to  chemother¬ 
apy.  The  radiation  studies  involved  head  and  neck,  lung  and  glioma, 
while  the  chemotherapy  studies  treated  non-small  cell  lung,  colo/rectal 
and  glioma. 

The  first  trial  (Rose  et  al.  1986)  used  Stage  III/IV  patients  with  head  and 
neck  cancer.  These  patients  were  given  7-9  mL/kg  of  Fluosol  DA®  (0.7  to 
0.9  mL  PFC/kg)  on  the  first  day  of  every  week  of  therapy.  They  were 
given  five  weeks  of  therapy  or  25  fractions  of  radiation  and  a  total  dose 
of  35  to  45  mL/kg  of  Fluosol  DA®  (3.5  to  4.5  ccPFC/kg).  Patients 
breathed  carbogen  before  and  during  each  daily  radiation  treatment. 
There  was  some  response  to  this  therapy  but  the  total  number  of  pa¬ 
tients  was  only  15.  There  were  four  cases  of  acute  complement  reac¬ 
tions,  all  of  which  were  controlled  with  diphenhydramine.  Eight  of  15 
patients  exhibited  serum  enzyme  elevations  two  to  three  times  normal. 
These  returned  to  normal  three  months  post-therapy.  Coagulation 
times,  BUN,  creatinine,  serum  albumin  and  bilirubin  were  all  normal. 
White  cell  counts  and  hematocrit  were  slightly  depressed,  but  these 
changes  were  attributed  to  the  radiation.  There  was  some  evidence  of 
increased  incidence  of  mucositis  in  the  Fluosol  DA®-treated  patients. 
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A  larger  trial  of  head  and  neck  patients  was  completed  by  Lustig  in  1989 
(Lustig  et  al.  1989a).  Forty-six  patients  were  enrolled,  and  37  completed 
the  protocol.  Eleven  experienced  complement  side  effects,  and  17  of  46 
exhibited  serum  enzyme  elevations  (ALT,  AST  and  alkaline 
phosphatase)  of  two  to  five  times  normal.  One-year  survival  is  67%  com¬ 
pared  to  the  RTOG  average  of  62%. 

A  Phase  I/II  study  of  non-small  cell  lung  cancer  patients  treated  with 
Fluosol  DA®  and  oxygen  was  conducted  in  1985  (Lustig  et  al.  1989b). 
Patients  were  enrolled  in  Stages  II-IV  without  distant  metastases.  Fluo¬ 
sol  dosing  and  radiation  fractions  were  similar  to  the  head  and  neck  pro¬ 
tocol  discussed  above  with  total  doses  of  Fluosol  DA®  ranging  from  42  to 
49  mL/kg  (4.2  -  4.9  mL/kg).  Forty-five  patients  were  enrolled,  and  34 
completed  the  program.  There  was  a  high  frequency  of  complement  re¬ 
sponses  in  these  patients,  with  44%  reacting  to  the  test  dose  or  showing 
post-infusion  reactions.  Typical  abnormalities  in  serum  enzymes  were 
noted,  with  all  returning  to  normal  three  to  six  months  post  therapy. 
Seventeen  of  34  patients  had  a  complete  response,  and  11  had  a  partial 
response.  Thirteen  patients  remained  alive  12  to  20  months  post¬ 
treatment. 

A  Phase  I/II  trial  of  Fluosol  DA®  as  an  adjuvant  to  high-grade  brain  tu¬ 
mors  has  been  reported  (Evans  et  al.  1989).  In  this  study,  18  patients 
were  enrolled  with  a  tumor  grade  of  III  to  IV.  Patients  were  given  five  to 
seven  doses  of  8  mL/kg  of  Fluosol  DA®.  Once  again,  a  high  percentage  of 
the  patients,  66%,  experienced  side  effects  upon  infusion,  and  11  of  18 
patients  had  elevated  serum  enzyme  levels  had  normalized  three 
months  post-treatment.  Mean  survival  time  in  this  small  patient  popu¬ 
lation  was  >64  weeks  compared  to  historical  survival  on  radiation  ther¬ 
apy  of  54  weeks. 

Of  the  studies  evaluating  Fluosol  DA®  and  oxygen  breathing  as  an  ad¬ 
junct  to  chemotherapy,  the  most  advanced  application  involves  BCNU  in 
high-grade  glioma  patients.  The  Phase  I/II  trial  enrolled  51  patients 
who  received  between  150  and  600  mL/m^  of  Fluosol  DA®  and  200 
mg/m^  BCNU  every  six  weeks  for  a  total  of  three  treatment  regimes 
(Gruber  et  al.  1990).  Of  the  34  evaluable  patients,  12  had  a  partial  re¬ 
sponse  (35%),  13  patients  had  stable  disease  and  nine  had  disease  pro¬ 
gression.  A  Phase  III  trial  is  underway  at  the  University  of  Kansas 
Medical  Center  now. 

Oxygent  CA,  a  90  w/v%  emulsion  of  PFOB,  has  been  tested  in  animal 
models  for  adjuvant  effect  on  cancer  radiation  therapy  and  chemother¬ 
apy  with  positive  results  (Teicher  et  al.  1992).  No  clinical  data  have 
been  published. 

Interstitial  injection  of  an  oxygenated,  35  v/v%  emulsion  of  perfluoro- 
phenanthrene  has  been  reported  to  cause  a  significant  tumor-growth  de¬ 
lay  and  increased  survival  in  an  animal  model  (Schweighardt  and  Woo 


Clinical  Development  of  Perfluorocarhon 


67 


1988).  The  perceived  advantage  of  this  approach  is  that  PFC  is  localized 
in  the  tumor,  reducing  the  liver  toxicity  seen  in  all  intravenously  admin¬ 
istered  trials  of  Fluosol  DA®.  The  limitation  of  this  approach  is  that  tu¬ 
mors  must  be  palpable  or  otherwise  visualizable  to  be  injected.  A  Phase 
I  study  in  head  and  neck  cancer  patients  using  this  emulsion,  trade- 
named  Oncosol™,  at  doses  up  to  3  mL  per  tumor  without  observable  tox¬ 
icity.  Additional  clinical  studies  are  being  planned. 

5.2.6  Imaging 

PFC  emulsions  have  been  studied  as  contrast  agents  for  x-ray,  ultra¬ 
sound  and  MRI,  and  as  agents  for  direct  ^®F  MRI. 

Long  and  coworkers  investigated  brominated  PFCs,  both  neat  and  emul¬ 
sified  in  the  1970’s  because  of  the  known  x-ray  opacity  of  the  bromine 
atom  (Long  et  al.  1972a,  1972b,  Long  et  al.  1978).  They  found  that  neat 
brominated  PFCs  could  be  administered  intratrachially  or  orally  and  af¬ 
forded  excellent  images  without  the  side  reactions.  PFOB  was  subse¬ 
quently  developed  by  Alliance  as  a  GI  MRI  contrast  agent  trade-named 
Imagent  MR.  PFOB  contains  no  protons  and  as  such  appears  as  a  dark 
void  in  MR  images.  Clinical  trials  demonstrated  the  efficacy  of  Imagent 
MR  (Brown  et  al.  1991,  Mattrey  et  al.  1991)  in  darkening  the  bowel  and 
allowing  the  recognition  of  bowel  from  adjacent  structures.  In  the  Phase 
III  clinical  trial,  127  subjects  were  studied.  They  were  imaged  before 
and  two  to  60  minutes  after  they  had  ingested  500  to  1000  mL  of  PFOB. 
There  were  no  acute  or  subacute  GI  symptoms.  The  product  was  rectally 
eliminated  rapidly  without  uptake  even  by  diseased  mucosa.  The  prod¬ 
uct  was  approved  by  the  FDA  in  1993.  Clinical  usage  has  been  limited, 
not  for  lack  of  efficacy,  but  due  to  expense.  Alliance  announced  in  Sep¬ 
tember,  1994  that  they  would  no  longer  support  marketing  of  Imagent 
MR. 

X-ray  contrast  with  PFOB  emulsions  has  been  investigated  for  blood 
pool,  liver  and  lymph  node  imaging.  PFOB  emulsions  (100  w/v%)  pro¬ 
duced  prolonged  blood  enhancement  in  animal  models  and  because  the 
particles  were  taken  up  by  the  macrophages  of  the  liver  and  spleen, 
these  organs  also  showed  x-ray  enhancement  (Mattrey  et  al.  1984). 
Clinical  trials  have  been  conducted  with  this  emulsion,  trade-named  Im¬ 
agent  BP  (Behan  et  al.  1993,  Bruneton  et  al.  1989).  In  the  Behan  study, 
the  emulsion  was  administered  to  18  cancer  patients,  14  of  whom  had 
liver  metastases.  The  emulsion  doses  ranged  from  0.5  to  3.0  mL/kg.  CT 
of  the  liver  and  spleen  was  performed  before  and  immediately  after  infu¬ 
sion  and  again  24  hours  later.  PFOB  increased  the  density  of  the  blood, 
liver  and  spleen  by  55,  39  and  317  Hounsfield  units  (HU),  respectively. 
Tumor  visualization  was  increased  because  the  metastases  enhanced 
minimally,  7  HU  or  lower,  compared  to  the  surrounding  liver  tissue. 
Peak  enhancement  of  the  liver  and  spleen  occurred  24  hours  post- 
infusion.  Previously  undetected  metastases  were  found  in  two  of  the  pa- 
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tients.  Adverse  events  occurred  in  14  of  the  18  subjects.  These  included 
lower  back  pain,  fever  and  malaise.  The  author  concluded  that  the  side 
effects  could  restrict  the  use  of  the  product  to  a  selected  clinical  popula¬ 
tion.  In  September  of  1994,  Alliance  announced  it  would  stop  develop¬ 
ment  of  this  product. 

Ultrasound  enhancement  by  perfluorocarbon  emulsions  has  been  exten¬ 
sively  studied  by  Mattrey  (Mattrey  et  al,  1982,  Mattrey  et  al.  1983,  Mat- 
trey  et  al.  1987)  using  Fluosol  DA®  and  perfluorooctyl  bromide.  These 
studies  have  shown  enhancement  of  the  liver,  spleen,  tumor,  kidney  and 
some  of  the  vasculature.  There  has  been  one  report  of  a  clinical  trial  us¬ 
ing  Fluosol  DA®  as  an  ultrasound  contrast  agent  (Mattrey  et  al.  1987). 
Administration  of  Fluosol  DA®  at  8  to  16  mL/kg  caused  rim  or  diffuse  en¬ 
hancement  developed  in  liver  metastases.  Echogenic  enhancement  by 
Fluosol  DA®  allowed  visualization  of  non-enhancing  lesions  which  could 
not  be  seen  before  infusion.  Side  effects  were  minimal.  Despite  these 
seemingly  positive  results,  there  was  no  further  clinical  development  of 
Fluosol  DA®  for  ultrasound  contrast  enhancement.  Alliance  is  currently 
developing  an  ultrasound  contrast  agent  based  on  PFOB  called  Imagent 
US.  This  product  is  still  in  pre-clinical  development. 

Recently,  Beppu  and  DeMaria  reported  the  use  of  emulsions  of  low  boil¬ 
ing  point  perfluorocarbons  such  as  perfluoropentane  which  phase  shifts 
from  liquid  at  room  temperature  to  gas  particles  when  injected  intrave¬ 
nously  (Beppu  et  al.  1993,  DeMaria  et  al.  1993).  Because  ultrasound 
contrast  is  dependent  upon  the  density  and  particle  size  of  the  contrast 
media,  these  larger  gas  particles  are  inherently  superior  contrast  agents 
compared  to  liquid  emulsions.  Pre-clinical  studies  in  dogs  with  a  PFP 
emulsion  called  QW3600  have  generated  excellent  images.  Unlike  tradi¬ 
tional  microbubble  contrast  agents,  QW3600  produces  an  intense  and 
long  lasting  enhancement  of  the  myocardium  after  intravenous  injection. 
The  myocardial  contrast  effect  continued  long  after  the  effect  had 
washed  out  of  the  ventricular  chambers.  Ligation  of  coronary  arteries 
clearly  defined  the  area  at  risk.  Although,  some  loss  of  cardiac  function 
was  observed  in  this  study.  There  was  a  dose-related  decrease  in  arte¬ 
rial  PO2,  increase  in  pulmonary  artery  pressure  and  decrease  in  cardiac 
output,  blood  pressure  and  dP/dt.  The  authors  claimed  these  effects 
were  not  clinically  significant.  A  Phase  I  clinical  trial  has  been  com¬ 
pleted  and  at  doses  up  to  0.1  ml/kg  of  emulsion  there  were  no  significant 
side  effects  (Cotter  et  al.  1994).  Mild  flushing  and  lightheadedness  was 
observed  in  some  of  the  subjects.  These  effects  all  resolved  within  two 
minutes.  Dense  and  complete  left  ventricle  opacification  was  seen  at  0.1 
ml/kg  for  an  average  of  2.8  minutes,  but  there  was  no  myocardial 
opacification  at  this  dose.  The  blood  half-life  was  2  minutes.  PFC  was 
found  in  the  expired  air  for  10  to  16  minutes  post-infusion. 

The  use  of  PFCs  for  MRI  has  a  great  deal  of  potential  because  of  ^^F  nu¬ 
cleus  is  magnetically  active  and  highly  sensitive.  In  addition,  there  is 


Clinical  Development  of  Perfluorocarbon 


69 


only  trace  naturally  occurring  so  there  is  no  natural  background  sig¬ 
nal  to  interfere  with  the  diagnostic  signal.  Early  attempts  to  use  im¬ 
aging  were  successful  but  not  clinically  useful  (Joseph  et  al.  1985,  Mc¬ 
Farland  et  al.  1985,  Longmaid  et  al.  1985)  because  most  PFCs  have 
multiple  signals  causing  misregistration  of  signals  and  diluting  the 
amount  of  ^^F  signal  per  molecule  infused.  Confounding  this  is  the  short 
Tg  time  of  most  PFCs  (<  6  milliseconds).  Thus,  the  signal  is  not  only  di¬ 
lute  but  short  lived. 

Schweighardt  cleverly  solved  the  problem  of  multiple  signals  by  using 
perfluoro-15-crown-5  ether  (PFCE)  in  which  all  22  of  the  fluorine  atoms 
are  identical  and  form  a  single  peak  (Schweighardt  1989).  In  addition, 
the  Tg  relaxation  time  of  PFCE  is  200  milliseconds  compared  to  6  milli¬ 
seconds  for  PFOB  and  PFDCO.  Using  a  40  v/v%  emulsion  of  PFCE,  ex¬ 
cellent  liver,  spleen,  tumor  and  vascular  images  have  been  obtained  at 
doses  of  3  mL  PFC/kg  in  animals  (Dardzinski  and  Sotak  1994). 

Clark  and  Ackerman  were  the  first  to  discover  that  the  relaxation 
times  of  PFCs  change  with  oxygen  tension  (Clark  et  al.  1985).  They  pos¬ 
tulated  that  the  dependence  of  Tj  on  oxygen  tension  could  be  used  to 
construct  oxygen  maps  of  the  tissues  in  which  the  PFC  was  in  contact. 
McFarland  reduced  this  concept  to  practice  in  cats  where  30%  of  the 
blood  was  replaced  with  an  emulsion  of  perfluorotripropyl  amine 
(PFTPA),  and  oxygen  maps  of  the  brain  were  obtained  (Eidelberg  et  al. 
1988).  However,  the  large  dose  required  coupled  with  the  software  modi¬ 
fications  required  to  suppress  the  misregistered  signals  precluded  the 
clinical  utility  of  this  emulsion.  Sotak  has  recently  used  emulsions  of 
PFCE  to  construct  oxygen  maps  of  the  liver,  spleen  and  tumors  in  mice. 
When  animals  were  treated  with  3  mL  PFC/kg  of  PFCE,  significant  dif¬ 
ferences  in  oxygen  tension  could  be  measured  in  the  liver,  spleen  and  tu¬ 
mors  of  mice  when  they  were  breathing  air  compared  to  carbogen  (Dard¬ 
zinski  and  Sotak  1994). 

5.2.7  Liquid  Breathing 

Since  Clark’s  initial  liquid  breathing  experiment,  most  of  the  research  on 
PFCs  has  focused  on  the  development  of  emulsified  forms  suitable  for  in¬ 
travenous  administration.  However,  a  small  but  steady  effort  to  estab¬ 
lish  liquid  breathing  as  a  therapeutic  for  lung  lavage  and  respiratory 
distress  has  been  continuing.  Modell  and  coworkers  worked  out  the  me¬ 
chanics  of  long  term  liquid  breathing  of  animals  for  evaluation  of  PFC 
toxicity,  adsorption  and  pulmonary  physiology  (Modell,  Newby  and  Ruiz 
1970,  Modell  et  al.  1976).  Shaffer  has  made  significant  progress  in  both 
the  physiology  of  liquid  breathing  and  in  developing  respirators  adapted 
for  liquid  breathing  (Shaffer  and  Moskowitz  1974).  This  work  culmi¬ 
nated  in  the  first  human  clinical  trial  in  pre-term  neonates.  A  19-week 
old  neonate  with  respiratory  distress  syndrome  was  instilled  with  30 
mL/kg  of  an  oxygenated  PFC.  Liquid  ventilation  was  initiated  as  two  3  - 
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5  minute  cycles  followed  by  conventional  ventilation.  During  liquid  ven¬ 
tilation  cycles  tidal  volumes  of  15  mlVkg  were  delivered  (Greenspan  et 
al.  1990).  The  infant  survived  for  19  hours  with  markedly  improved  pul¬ 
monary  parameters  and  expired  from  other  causes. 

Alliance  has  conducted  a  Phase  I  study  in  similar  neonates  using  PFOB 
(LiquiVent™).  In  this  protocol,  the  infants  had  exhausted  conventional 
therapy  including  two  regimes  of  surfactant.  The  infants  were  liquid 
ventilated  with  PFOB  for  15  minutes.  Of  seven  neonates  treated,  two 
survived  (Hopkins  1994).  Alliance  announced  in  October,  1994  that  they 
would  begin  enrolling  patients  for  a  Phase  I  study  of  liquid  ventilation  in 
adult  respiratory  distress  syndrome  (ARDS). 


5.3  Conclusions 

Significant  progress  has  been  made  in  many  areas  in  the  field  of  medical 
perfluorocarbon  research.  Many  of  the  problems  which  prevented  the 
use  of  PFC  emulsions  for  oxygen  transport  have  been  overcome,  but  limi¬ 
tations  will  still  be  encountered  at  some  dose  because  of 
thrombocytopenia  and  bioaccumulation.  Research  to  solve  these  prob¬ 
lems  is  underway.  The  use  of  PFCs  in  MI  failed  in  a  large  clinical  trial, 
and  there  seems  to  be  no  compelling  reason  to  pursue  additional  formu¬ 
lations  for  this  indication.  Cancer  therapy  still  holds  great  promise  but 
has  been  set  back  by  the  withdrawal  of  the  leading  company  in  the  field. 
Advances  in  the  use  of  PFCs  for  ultrasound  contrast  and  direct  ^^F  MRI 
have  been  made,  but  other  imaging  uses  such  as  CT  and  MRI  contrast 
seem  to  have  toxicity,  efficacy  or  cost  limitations.  Liquid  breathing  has 
seen  an  exciting  rejuvenation  due  to  the  results  in  neonates,  however,  it 
remains  to  be  seen  if  the  far  more  complex  ARDS  can  be  successfully 
treated  with  liquid  ventilation. 
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6.1  Introduction 

Modified  cell-free  hemoglobin  derivatives  have  been  under  study  as  po¬ 
tential  red  cell  substitutes  for  nearly  three  decades  (Winslow  1992). 
These  derivatives  are  prepared  by  treatment  of  hemoglobin  with  some 
chemical  reagent  to  yield  a  product  that  possesses  a  property  considered 
desirable  for  a  blood  substitute.  The  degree  of  sophistication  of  these  de¬ 
rivatives  has,  in  general,  increased  in  proportion  to  our  knowledge  of  he¬ 
moglobin  itself. 

More  recently,  recombinant  DNA  technology  has  been  developed  for  he¬ 
moglobin  in  general  and  for  blood  substitute  research  in  particular.  At 
present,  both  the  chemical  and  the  recombinant  DNA  approaches  are  be¬ 
ing  evaluated  in  order  to  determine  which  is  the  more  preferable  route  to 
a  practical,  clinically  useful  and  non-toxic  blood  substitute.  It  is  quite 
possible  that  some  combination  of  these  will  eventually  be  used.  Each 
has  advantages  over  the  other  since  in  some  instances  their  capabilities 
are  different.  In  this  chapter,  these  approaches  will  be  treated  sepa¬ 
rately  with  some  emphasis  on  studies  from  the  author’s  laboratory. 

6.2  Allosteric  Modifiers  of  Hemoglobin  Function 

6.2. 1  Covalent  Chemical  Modifiers 

The  strategy  that  some  investigators  have  used  for  developing  a  useful 
blood  substitute  has  been  to  imitate  the  effects  of  the  natural  allosteric 
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regulators  of  oxygen  binding  to  hemoglobin  in  the  red  cell  -  chloride,  car¬ 
bon  dioxide  and  2,3-diphosphoglycerate  (DPG)  in  shifting  the  oxygen 
equilibrium  curve  of  the  cell-free  purified  hemoglobin  to  the  right  (Fig¬ 
ure  6.1). 


However,  since  these  natural  regulators  bind  reversibly  to  hemoglobin, 
they  are  of  little  value  in  themselves  in  attaining  the  goals  of  a 
hemoglobin-based  red  cell  substitute  because  in  the  plasma  (outside  the 
red  cell)  they  would  diffuse  firom  the  hemoglobin.  Some  investigators  use 
the  strategy  of  first  identifying  the  binding  sites  of  these  natural  regula¬ 
tory  molecules  and  then  performing  covalent  chemistry  at  these  same 
sites  in  order  to  mimic  the  desired  physiological  effect.  The  type  of 
chemical  modification  described  in  this  section  is  the  traditional  selec¬ 
tive  (or  specific)  chemical  modification  rather  than  the  random  type  of 
chemical  modification  described  later  in  this  article.  An  advantage  in 
studying  covalent  agents  is  that  the  exact  site  of  modification  can  be  eas¬ 
ily  determined.  Such  information  can  sometimes  permit  identification  of 
a  particular  site  on  the  protein  that  controls  a  normal  physiological  fiinc- 
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tion  of  hemoglobin.  The  mode  of  action  of  a  covalent  agent  is  dictated  by 
the  site(s)  to  which  the  modifier  is  attached,  the  chemical  nature  of  the 
adduct,  and  the  parts  of  the  hemoglobin  molecule  with  which  the  cova¬ 
lent  moiety  interacts.  The  extensive  body  of  knowledge  on  hemoglobin 
usually  permits  an  explanation  of  its  mechanism  of  action  (Manning 
1991). 

In  order  for  the  agent  to  be  effective,  it  should  have  a  high  degree  of 
specificity,  which  means  that  the  chemical  modification  reaction  is  more 
efficient  with  one  particular  site  on  hemoglobin  than  it  is  with  the  same 
t3^e  of  amino  acid  side  chain  on  other  parts  of  hemoglobin  or  on  other 
proteins.  This  is  especially  important  considering  the  bulk  of  hemoglo¬ 
bin  that  would  likely  be  administered  for  infusion  of  a  hemoglobin-based 
red  cell  substitute.  Such  specificity  could  arise  either  from  the  intrinsic 
reactivity  of  the  functional  group  itself  or  from  its  environment  in  the 
protein  which  may  lead  to  an  enhanced  binding  of  the  reagent.  In  gen¬ 
eral,  success  in  interpreting  the  effects  of  a  particular  modification  on 
the  functional  properties  of  the  hemoglobin  molecule  is  more  likely  if  the 
sites  of  modification  are  limited  or,  even  better,  restricted  to  one  particu¬ 
lar  amino  acid  residue.  Covalent  modifiers  have  advantages  over  the 
noncovalent  type  since,  in  general,  they  are  effective  at  low  concentra¬ 
tions  and  the  adducts  do  not  diffuse  from  the  protein.  Many  of  the  cova¬ 
lent  agents  used  in  blood-substitute  research  have  amino  groups  as  their 
targets  since  this  class  of  functional  groups  has  proved  to  be  among  the 
most  amenable  to  chemical  modifications. 


6.2.2  Binding  of  CO^  to  Hemoglobin 

The  strategy  of  identifying  the  site(s)  of  interaction  of  the  natural, 
reversibly-bound  allosteric  regulator,  carbon  dioxide,  and  then  modifying 
this  same  site  covalently  in  order  to  attain  a  permanently  lowered  oxy¬ 
gen  affinity  is  illustrated  here.  There  were  some  early  suggestions  that 
the  N-terminal  amino  groups  of  the  a-  and  fychains  were  major  contribu¬ 
tors  to  the  binding  and  physiological  effects  of  CO2  in  lowering  the  oxy¬ 
gen  affinity  (Perrella,  Rossi-Bemardi  and  Roughton  1972).  In  attempts 
to  identify  these  binding  sites  unambiguously,  we  used  a  stable  analog  of 
CO2  binding,  the  carboxymethyl  (Cm)  group,  which  was  introduced  at 
the  N-terminal  amino  groups  under  mild  conditions  at  neutral  pH  by 
treatment  of  the  hemoglobin  with  sodium  glyoxylate  in  the  presence  of 
sodium  cyanoborohydride  (DiDonato  et  al  1983,  Fantl  et  al.  1987a,  Fantl 
et  al  1987b). 

N-CarboxvmethvlatiQn 


NaCNBH, 


Hb-NH2  +  CHO 


Hb-NH-CH2COOH 


COOH 
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Pilot  studies  were  performed  to  establish  the  ratio  of  reactant  to  protein, 
the  optimum  pH  of  the  reaction,  and  the  time  of  incubation.  Peptide 
mapping,  amino  acid  analysis,  and  x-ray  diffraction  analysis  of  the  puri¬ 
fied  carboxymethylated  hemoglobin  product  indicated  that  the  site  of  re¬ 
action  at  the  N-terminal  valine  of  both  chains  of  hemoglobin  was  the 
same  site  that  bound  COg.  Another  proof  that  this  derivative  did  indeed 
behave  as  a  CO2  analog  was  the  finding  that  the  hemo^obiij,^etramer 
carboxymethylated  on  all  four  N-terminal  residues,  ttg  P2  ,  had  a 
very  low  oxygen  affinity  (P50  =  37  mm  Hg),  which  is  the  same  effect  that 
CO2  has  on  hemoglobin  (Fantl  et  aL  1987a,b). 

6.2.3  Binding  of  Chloride  to  Hemoglobin 

The  Rome  hemoglobin  research  team  of  Chiancone,  Antonini,  Brunori 
and  their  colleagues  demonstrated  specific  binding  of  chloride  to  particu¬ 
lar  sites  on  the  hemoglobin  molecule  (Chiancone  et  al.  1972),  Studies  in 
our  laboratory  showed  that  the  N-terminus  of  the  a-chain  was  one  of  the 
major  chloride  binding  sites  (Nigen,  Manning  and  Alben  1980).  A  second 
major  site  of  chloride  binding  was  established  by  several  laboratories  as 
the  region  that  binds  2,3-DPG  in  a  cleft  between  the  two  p-chains  also  in 
the  deoxy  conformation  (Amone  1972,  Bonaventura  et  al.  1976). 

By  the  early  1980’s  when  these  two  sites  were  established  as  being  ma¬ 
jor  contributors  for  functional  chloride  binding,  many  investigators  real¬ 
ized  that  there  still  remained  a  residual  20-25%  chloride-induced  lower¬ 
ing  of  the  oxygen  affinity  that  was  not  accounted  for  by  these  two  sites. 
This  residual  effect  is  shown  in  Figure  6.2  for  the  CO2  binding  sites. 

Using  the  carboxymethyl  derivative  for  the  CO2  binding  reaction  (a  cova¬ 
lent  anion  that  had  a  charge  like  that  of  the  chloride  anion),  the  results 
sho^jved  when  the  two  sites  for  CO2  binding  were  blocked 

(a2  P2  ),  the  residual  chloride  effect  also  amounted  to  20-25%,  i.e., 
the  slope  of  the  line  in  the  bottom  panel  compared  to  the  slopes  in  the 
three  panels  above  (DiDonato  et  al.  1983). 

It  was  possible  that  a  number  of  distinct  sites,  each  making  a  small  chlo¬ 
ride  contribution,  accounted  for  this  remaining  20-25%,  and  that  specific 
chemical  modifications  by  their  very  nature  of  purifying  a  product  might 
miss  this  site(s).  Hence,  a  new  procedure,  which  is  referred  to  as  regio- 
random  chemical  modification,  was  employed  for  their  identification 
(Ueno  and  Manning  1992,  Ueno,  Popowicz  and  Manning  1994).  Random 
chemical  modification  involved  analysis  of  a  mixture  of  peptides  after 
performing  the  reaction  under  very  mild  conditions  so  there  would  not  be 
extensive  modification.  It  was  important  to  have  a  reagent  that  would 
bind  to  the  chloride  binding  sites,  yet  not  cause  disruption  of  the  protein. 
A  bifunctional  acetylating  agent,  methyl  acetyl  phosphate  (MAP),  was 
employed.  Independent  studies  show  that  this  reagent  had  the  same  ef¬ 
fects  on  the  functional  properties  of  bovine  hemoglobin  in  terms  of  a 
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lower  P50,  as  did  chloride.  Furthermore,  the  effects  were  mutually  com¬ 
petitive.  Thus,  there  were  several  lines  of  evidence  that  the  methyl  ace¬ 
tyl  phosphate  reagent  could  be  used  with  confidence  as  a  probe  with 
chloride  binding  sites. 


Figure  6.2  Effect  of  chloride  on  the  oxygen  affinity  of  specifically  carboxy- 
methylated  hemoglobin. 

By  this  random  modification  approach,  two  functional  chloride  binding 
sites  per  a-chain  and  three  functional  sites  per  p-chain  were  identified. 
Some  of  these  comprised  the  two  well-known  regions  described  above 
and  the  Lys-99(a)  previously  identified  as  a  functional  chloride  binding 
site  (Vandegriff  et  al.  1989).  Other  sites  were  new.  Molecular  modeling 
showed  the  relationship  of  this  other  chloride  binding  region  to  the  other 
two  major  sites.  Unexpectedly,  and  as  described  below,  the  location  of 
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this  third  chloride  binding  region  is  very  much  related  to  current  blood- 
substitute  research. 

This  third  functional  chloride  binding  region  was  found  in  the  central 
dyad  axis  of  bovine  hemoglobin,  which  is  a  focus  of  much  current  re¬ 
search  on  hemoglobin-based  red  cell  substitutes.  When  viewed  through 
the  central  dyad  axis  of  the  molecule,  a  relationship  between  all  three 
sites  becomes  apparent,  i.e.,  the  sites  within  the  central  axis,  Lys-99(a) 
and  Lys-103(P),  are  aligned  along  the  sides  connecting  the  major  oxygen- 
linked  sites  which  appears  to  form  a  channel  connecting  them  (Figure 
6.3).  Furthermore,  there  appears  to  be  a  symmetrical  relationship  be¬ 
tween  these  functional  chloride  binding  sites  in  deoxyhemoglobin  that 
disappears  upon  oxygenation.  It  is  possible  that  the  binding  of  chloride 
at  these  sites  helps  to  hold  the  central  dyad  axis  in  its  more  open  con¬ 
figuration  by  repulsion  of  the  negatively-charged  chloride  ions.  Rather 
than  the  previously  held  notion  that  there  are  specific  chloride  binding 
sites,  it  is  more  correct  to  view  them  as  chloride  binding  regions.  Indeed, 
the  regio-random  approach  of  chemical  modification  was  designed  to 
identify  such  sites.  This  suggestion  has  also  been  advanced  by  Perutz, 
Shih  and  Williamson  (1994). 

The  working  hypothesis  is  that  any  constraint  that  prevents  the  con¬ 
striction  of  the  dyad  axis  leads  to  a  low  oxygen  affinity  of  hemoglobin. 
For  example,  the  introduction  of  a  covalent  cross-link  between  the  two 
lysine-99(a)  side  chains  across  the  central  dyad  axis  in  the  deoxy  confor¬ 
mation  (Chatteijee  et  al.  1986,  Vandegriff  et  al.  1989),  leads  to  a  signifi¬ 
cantly  lower  oxygen  affinity.  This  result  is  also  in  agreement  with  the 
findings  of  Lalezari  et  al.  (1990)  and  Abraham  et  al.  (1992)  who  found 
that  large  organic  molecules  that  lower  the  oxygen  affinity  of  hemoglobin 
also  bound  in  this  region. 
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6.2.4  Overlapping  Functions  of  Allosteric  Regulators 

There  are  indications  in  the  literature  that  there  may  be  some  overlap¬ 
ping  (or  redundant)  regions  of  the  allosteric  regulators  chloride  and  CO2. 
Indeed,  the  data  in  Figure  6.2  are  consistent  with  this  concept.  The  find¬ 
ings  of  Winslow  and  Vandegriff  and  their  colleagues  (1989),  who  re¬ 
ported  that  the  aa-cross-linked  hemoglobin  derivative  lost  a  large  frac¬ 
tion  of  its  chloride-induced  decrease  in  oxygen  affinity,  represent 
convincing  data  for  the  idea  of  overlapping  regions  for  allosteric  regula¬ 
tors.  Apparently,  the  cross-link  across  the  dyad  axis  between  the  two 
Lys-99(a)  side  chains  is  of  such  strength  due  to  its  covalent  nature  that 
it  achieves  a  very  large  effect  in  lowering  the  oxygen  affinity  in  the  ab¬ 
sence  of  chloride.  The  suggestion  of  contiguous  chloride  binding  regions 
(Figure  6.3)  actually  provides  a  framework  for  further  understanding  of 
this  concept. 

6.3  Cross-linking  of  Hemogiobin  Subunits 

Various  derivatives  of  pyridoxal  have  been  used  in  order  to  lower  the 
oxygen  affinity  of  hemoglobin.  Their  effects  have  been  summarized  by 
Winslow  (1992).  Among  these  were  various  derivatives  of  p5rridoxal  5'- 
phosphate,  which  were  used  to  mimic  the  effect  of  2,3-DPG  in  lowering 
the  oxygen  affinity  (Benesch  and  Benesch  1981). 

6.3. 1  Cross-links  between  a  Chains 

More  emphasis  has  been  placed  on  chemical  reagents  that  cross-link  he¬ 
moglobin  rather  than  on  the  monofunctional  type  of  compounds  de¬ 
scribed  in  the  paragraph  above.  The  reason  for  this  is  that  tetrameric 
hemoglobin  is  in  a  dynamic  equilibrium  with  its  constituent  ap  dimers. 

“2^2  ^  2ap 

Practically  all  the  hemoglobin  in  the  red  cell  is  in  the  tetrameric  state. 
However,  with  circulating  cell-free  hemoglobin,  such  as  a  blood  substi¬ 
tute,  the  presence  of  such  dimers  from  the  above  equilibrium  would  lead 
to  blockage  of  the  glomeruli  of  the  kidney  and  the  continuous  drainage  of 
the  infused  tetrameric  hemoglobin  from  the  circulation.  Therefore, 
cross-linking  is  essential  to  prevent  this  clearance  as  first  pointed  out  by 
Bunn  and  Jandl  (1968).  ^  example  of  the  importance  of  this  cross- 
linking  reaction  are  the  studies  on  the  plasma  retention  times,  which 
were  carried  out  in  collaboration  with  Hess,  Winslow  and  colleagues 
when  they  were  at  the  Letterman  Army  Institute  of  Research  (Manning 
1991).  The  hemoglobin  derivative  with  a  cross-link  between  the  N- 
terminal  amino  acids  of  its  a-chains  is  referred  to  as  DIBS-Hb  (DIBS  is 
diisothiocyanato  benzene  sulfonate).  This  preferred  site  of  cross-linking 
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comes  about  because  the  size  of  the  cross-link  is  well  accommodated  at 
this  site  in  comparison  to  other  possible  sites,  although  there  is  a  small 
amount  of  reaction  at  other  sites. 

Studies  on  Cm  hemoglobin,  which  had  a  lowered  oxygen  affinity  (P50  = 
37  mm  Hg)  as  described  above,  indicated  a  plasma  retention  time  of  be¬ 
tween  35  and  40  minutes  in  the  circulation  of  rats,  a  value  similar  to  the 
retention  time  of  unmodified  hemoglobin  A  (Hess  et  al.  1989).  In  con¬ 
trast,  the  DIBS-cross-linked  hemoglobin  tetramer  had  a  half-life  of  about 
3  hours  (Figure  6.4).  However,  this  derivative  did  not  have  a  low  oxygen 
affinity.  These  results  showed  that  the  increased  plasma  retention  time 
was  a  function  of  the  lack  of  ability  to  dissociate  into  tetramers  and  not 
its  oxygen  affinity.  Further  studies  in  progress  are  aimed  at  determin¬ 
ing  the  plasma  retention  time  of  highly  purified  and  defined  hemoglobin 
cross-linked  species  of  128,000  and  256,000  Dalton  molecular  weight. 


Figure  6.4  Plasma  retention  time  of  Cm-Hb  and  DIBS  hemoglobin. 

6.3.2  Other  Cross-linking  Agents 

Various  other  derivatives  of  pyridoxal  have  been  used  to  cross-link  he¬ 
moglobin  subunits  within  a  tetramer  (Benesch  et  al.  1972,  1975,  1981, 
1984,  Benesch,  Benesch  and  Kwong  1982,  Benesch  and  Kwong  1988). 
Glutaraldehyde  was  used  in  the  early  studies  of  hemoglobin  cross- 
linking  but  it  is  a  rather  non-specific  agent  and  5delds  mainly  high  mo¬ 
lecular  weight  products,  which  in  some  instances  may  be  desirable.  An- 
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other  useful  cross-linking  agent,  because  it  reacts  slowly  and,  therefore, 
the  progress  of  the  reaction  can  be  controlled,  is  glycolaldehyde  (Man¬ 
ning  and  Manning  1988).  Others  include  various  cross-links  between 
the  p-chains  (Bucci  et  ah  1989)  and  detran-hemoglobin  cross-links 
(Chang  and  Geyer  1988;  Tam,  Blumenstein  and  Wong  1976).  The  acyl 
phosphates  are  also  good  cross-linking  agents  (Kluger  et  al.  1992).  The 
combination  of  pyridoxal  modification  and  polymerization  has  also  been 
used  (DeVenuto  and  Zegna  1982;  Moss  et  al.  1989). 


6.4  Recombinant  Hemoglobins 

6.4. 1  Recombinant  Hemoglobin  in  Bacteria 

The  first  useful  procedure  for  expressing  recombinant  hemoglobin  was 
reported  in  E.  coli  by  expressing  a  globin  cDNA  fused  to  the  coding  re¬ 
gion  of  a  bacteria  phage  repressor  protein  (Nagai  and  Th0gersen  1984). 
The  strategy  was  that  the  fusion  protein  contained  a  sequence  that  per¬ 
mitted  enzymatic  digestion  to  give  the  correct  N-terminus.  The  purified 
globin  was  subsequently  reconstituted  with  heme  to  produce  a  functional 
hemoglobin.  Several  improvements  of  this  original  procedure  have  been 
published  subsequently.  Since  E.  coli  is  a  prokaryotic  system,  the  proc¬ 
essing  of  the  nascent  protein  is  different  from  that  of  human  hemoglobin 
synthesized  in  reticulocytes.  Thus,  in  the  bacterial  systems,  there  is  usu¬ 
ally  a  methionine  at  the  N-terminus.  This  problem  was  recently  over¬ 
come  by  the  introduction  of  the  gene  encoding  the  enzyme  methionine 
aminopeptidase  on  the  same  plasmid  (Shen  et  al.  1993).  In  general,  the 
bacterial  expression  system  gives  a  reasonably  high  yield  of  hemoglobin. 

6.4.2  Expression  in  Yeast 

Expression  in  the  eukaryote  S.  cerevisiae  was  designed  with  the  objec¬ 
tive  of  avoiding  fusion  proteins  (Wagenbach  et  al.  1991).  A  synthetic  a 
and  p-globin  cDNA  sequence  was  incorporated  on  a  single  plasmid  with 
the  yeast  promoters.  The  system  produced  equal  amounts  of  a  and  p- 
globin  chains  and  utilized  the  endogenous  yeast  heme  to  produce  a  sol¬ 
uble  hemoglobin  tetramer.  The  expression  of  the  hemoglobin  in  yeast 
was  somewhat  lower  than  that  in  E.  coli  but  had  the  advantage  that  the 
protein  was  processed  and  folded  correctly  (Martin  de  Llano  et  al. 
1993a,b).  This  was  shown  by  a  number  of  biochemical  and  physiological 
techniques  for  standard  hemoglobins,  such  as  HbA  and  HbS. 

This  system  was  used  to  express  the  recombinant  Hb  where  Asn-108(p) 
was  replaced  by  a  Lys  (Wagenbach  et  al.  1991).  This  recombinant  mu¬ 
tant  Hb,  which  when  found  in  nature  is  called  Hb  Presbyterian,  has  a 
low  oxygen  affinity  possibly  because  a  new  chloride  binding  site  has  been 
introduced.  It  turns  out  that  the  site  of  this  substitution  is  within  the 
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central  dyad  axis.  It  is  possible  that  the  introduction  of  a  new  chloride 
binding  site  in  this  region  holds  the  hemoglobin  tetramer  in  the  more 
open  deoxy  conformation,  similar  to  the  aa-cross-linked  Hb  described 
above. 

A  recombinant  mutant  hemoglobin  with  Asn-102(p)  replaced  by  an  Ala 
[called  N102A(p)]  was  recently  prepared  using  this  yeast  expression  sys¬ 
tem  (Yanase  et  a/.,  in  press).  The  side  chain  of  Asn-102(p)  is  part  of  an 
important  region  of  the  a^p^  interface  that  undergoes  large  structural 
changes  in  the  transition  between  the  deoxy  and  oxy  conformations.  Al¬ 
anine  was  chosen  as  the  replacement  because  its  methyl  side  chain  can¬ 
not  participate  in  hydrogen  bond  formation  thought  to  be  important  at 
this  site,  yet  it  is  small  enough  not  to  disrupt  the  subunit  interface.  Its 
oxygen  binding  curve  indicated  a  very  high  P50  of  42  mm  Hg  in  the  ab¬ 
sence  of  chloride.  In  the  presence  of  added  chloride,  its  oxygen  affinity 
was  further  reduced  only  slightly  to  a  P50  of  49  mm  Hg.  Thus,  the  re¬ 
sults  with  N102A(P)  indicate  that  the  maximal  decrease  in  oxygen  affin¬ 
ity  may  already  have  been  achieved  and  that  chloride  is  not  necessary. 

6.4.3  Expression  in  insect  Cells 

There  has  been  some  success  in  expressing  hemoglobin  in  insect  cells  in¬ 
fected  with  the  baculovirus  (Groebe  et  al.  1992).  In  some  cases,  dena¬ 
tured  a  and  p-globin  chains  accumulated  in  these  cells  since  heme,  al¬ 
though  present,  was  not  incorporated  into  the  chains.  Also,  there  was 
poor  expression  of  the  a-globin  gene  in  this  system.  The  future  of  this 
approach  is  uncertain  at  present  because  it  requires  some  modification. 

6.4.4  Expression  in  Transgenic  Animals 

The  initial  reports  on  the  expression  of  hemoglobin  in  the  transgenic 
mouse  led  to  enthusiasm  about  incorporating  other  genes  in  this  system 
to  study  various  disease  processes.  Typical  was  the  production  of  the 
transgenic  mouse  for  sickle  cell  anemia.  Subsequently,  a  transgenic  pig 
system,  where  there  was  the  possibility  of  large  amounts  of  hemoglobin, 
was  achieved  (Kumar,  in  press).  This  system  was  successful  in  the 
transfer  of  genetic  material  in  offspring  to  pigs  that  were  producing  both 
human  hemoglobin  A  and  pig  hemoglobin.  Such  a  system  obviously  has 
the  advantage  that  the  large  amounts  of  material  required  for  blood- 
substitute  research  would  be  available.  In  addition,  the  pig  reticulocyte 
processes  hemoglobin  just  like  the  human  red  cells  do. 
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ABSTRACT 

One  strategy  to  deliver  hemoglobin  in  an  oxygen  carrying  fluid  is 
based  on  the  sequestration  of  hemoglobin  in  biocompatible  carriers. 
Much  of  the  current  work  in  this  field  is  focused  on  the  use  of 
liposomes.  Liposomes  are  biodegradable  capsules  which  permit  the 
diffusion  of  oxygen  while  encapsulating  hemoglobin  within  an  aque¬ 
ous  environment.  The  encapsulation  of  hemoglobin  in  liposomes  ex¬ 
tends  the  circulation  persistence  and  alters  the  biodistribution  of  free 
or  chemically  modified  hemoglobin.  Numerous  animal  studies  have 
shown  effective  oxygen  delivery  by  liposomes  with  hemoglobin  in 
models  of  hypovolemia  and  hemorrhagic  shock.  The  focus  of  much 
work  to  define  consequences  of  encapsulated  hemoglobin  administra¬ 
tion  has  been  on  the  effects  of  large-dose  liposome  application.  This 
work  has  been  directed  at  discerning  the  effects  of  liposome- 
encapsulated  hemoglobin  on  organs  of  the  reticuloendothelial  system, 
particularly  the  liver  and  spleen  as  these  are  the  principal  sites  of 
liposome  accumulation.  A  number  of  transient  effects  are  observed 
following  the  administration  of  clinically  relevant  doses  of  liposome- 
encapsulated  hemoglobin  such  as  a  rise  in  liver  enzymes, 
thrombocytopenia,  leukocytosis,  and  complement  activation.  More  re¬ 
cent  studies  have  examined  differences  in  the  vasoactivity  of  encapsu¬ 
lated  vs.  free  hemoglobin.  These  studies  indicate  that  encapsulation 
markedly  attenuates  the  vasoactivity  of  hemoglobins  in  an  isolated 
aortic  ring  model.  Large-scale  manufacturing  methods  to  produce  ster¬ 
ile  filtered  preparations  have  been  developed  which  increase  the  op¬ 
portunities  for  GMP  production  and  commercial  development.  This 
review  will  touch  upon  these  issues  with  reference  to  the  historic  and 
recent  literature  on  the  safety  and  efficacy  of  liposome-encapsulated 
hemoglobin. 

Blood  Substitutes:  Physiological  Basis  ofEjficacy 
Winslow  et  al.,  Editors 
©  Birkhauser  Boston  1995 
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7.1  LEH  Composition  and  Methods  of  Formation 

Liposomes  are  comprised  of  self-assembling  amphiphilic  lipids  (see  Fig¬ 
ure  7.1).  They  form  spontaneously  in  high-dielectric  solvents  like  water 
based  on  the  high  entropic  cost  of  exposing  the  hydrophobic  chains  of  the 
lipids  to  water  (Tanford  1980).  Liposomes  have  been  fabricated  with  a 
wide  variety  of  compositions  based  on  the  desired  application. 
Liposomes  used  as  carriers  of  hemoglobin  are  usually  comprised  of 
double-  chain  phospholipids  and  sterols  (see  Table  7.1).  The  presence  of 
sterols  such  as  cholesterol  results  in  an  attenuation  of  thermotropic 
phospholipid  phase  transitions  at  which  the  bilayer  is  transiently  desta¬ 
bilized,  causing  membrane  fusion  and  leakage  of  encapsulated  contents 
(Oldfield  and  Chapman  1971,  Gregoriadis  and  Davis  1979,  Davis  and 
Chapman  1986).  In  addition,  the  cholesterol  increases  the  elasticity  of 
the  membrane,  which  results  in  greater  mechanical  stability  imder 
shear  conditions  (Needham,  McIntosh  and  Evans  1988).  The 


LIPOSOME-ENCAPSULATED  HEMOGLOBIN 


Lipid  Bdayer  Hemoglobin 


Figure  7.1  Diagram  of  liposome-encapsulated  hemoglobin. 

phospholipids  used  in  various  preparations  have  consisted  mainly  of  egg, 
vegetable  (soy),  or  synthetic  phosphatidylcholines  with  14-18  chain- 
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length  fatty  acids  (i.e.,  dimyristoyl,  dipalmitoyl,  or  distearoyl  phosphati¬ 
dylcholine).  The  choice  of  phospholipid  for  a  liposome  application  can  be 
based  on  production  methods  (see  Table  7.1).  For  example,  encapsulation 
efficiency  increases  if  the  liposomes  are  processed  above  their  phase 
transition  temperature,  which  is  largely  determined  by  the  phospholipid 
type  (Beissinger,  Farmer  and  Gossage  1986,  Bally  et  al.  1992). 

The  composition  of  lipids  used  can  also  determine  the  biological  re¬ 
sponses  to  liposomes  once  administered.  Opsonization  of  serum  proteins 
to  the  liposome  surface  initiates  the  recognition  and  phagoc5rtic  events 
associated  with  liposome  removal  from  circulation  (Patel  1992).  The 
longer  chain  phospholipids  have  longer  circulation  half-times;  the 
mechanism  of  this  effect  is  not  well  understood  (Beissinger,  Farmer  and 
Gossage  1986,  Gabizon  and  Papahadjopoulus  1988).  Thus,  a  large  body 
of  data  on  liposome-encapsulated  hemoglobin  has  been  generated  with 
dipalmitoyl  or  distearoyl  phosphatidylcholine.  Charged  phospholipids 
can  play  a  large  role  in  improved  encapsulation  efficiency  by  increasing 
the  charge  repulsion  of  particles  and  improving  dispersion  of  liposomes 
during  processing  (Beissinger,  Farmer  and  Gossage  1986,  Bally  et  aL 
1992).  Charge  can  also  play  a  role  in  biological  responses  to  liposomes 
(Juliano  and  Stamp  1975).  Most  liposome-encapsulated  hemoglobin 
preparations  contain  small  mole  percentages  of  negatively  charged 
phospholipids  such  as  dim5uistoyl  phosphatidylglycerol. 

One  proposed  advantage  to  using  liposomes  to  carry  hemoglobin  has 
been  to  extend  the  circulation  persistence  of  hemoglobin  by  modifying 
the  liposome  surface.  While  liposomes  demonstrated  longer  circulation 
persistence  than  cell  free  hemoglobin,  there  have  been  attempts  to  ex¬ 
tend  the  circulation  persistence  even  further  through  surface  modifica¬ 
tion.  Liposome  formulations  used  for  the  delivery  of  other  pharmaceuti¬ 
cals  have  employed  ganglioside  GMl,  a  sialic  acid  containing  glycolipid 
or  polyethylene  glycol  derivatives  of  phosphatidylethanolamine  to  extend 
the  circulation  persistence  and  increase  the  therapeutic  value  of  the  en¬ 
capsulated  agent  (Lasic  et  al.  1991,  Liu,  Mori  and  Huang  1992,  Parr, 
Bally  and  Cullis  1993).  Investigations  of  extended  circulation  persistence 
with  liposome-encapsulated  hemoglobin  formulations  that  have  em¬ 
ployed  these  agents  have  not  resulted  in  significant  increases  in  circula¬ 
tion  persistence  of  liposome-encapsulated  hemoglobins  (Sherwood  et  al. 
1993,  Goins,  Ligler  and  Rudolph  1994).  This  may  indicate  that  extending 
circulation  persistence  of  encapsulated  hemoglobin  may  be  difficult  due 
to  the  large  dose  of  liposomes  administered  in  a  red  cell  substitute  appli¬ 
cation  compared  to  other  liposome  indications.  Surface  modification  of 
encapsulated  hemoglobin  may  induce  other  advantageous  properties, 
however,  as  liposome  aggregation  in  plasma  has  been  shown  to  be  re¬ 
duced  in  liposome-encapsulated  hemoglobin  formulations  which  employ 
polyethylene  glycol  surface  modification  (Yoshioka  1991).  Additional  sur¬ 
face  modification  has  been  examined  with  the  use  of  carboxymethylchi- 
tin  to  shield  the  outer  surface  of  the  liposome  (Nishiya  and  Chang  1993). 
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Liposomes  self-assemble  in  aqueous  solution  into  multilamellar  vesicles 
which  trap  a  small  volume  of  a  dissolved  solute  per  mole  of  lipid  com¬ 
pared  to  the  total  volume  of  solution.  Processing  of  liposome  prepara¬ 
tions  to  increase  the  trapped  volume  is  useful  for  increasing  the  total  en¬ 
capsulated  hemoglobin  concentration.  Liposome-encapsulated 
hemoglobin  has  been  fabricated  with  a  number  of  traditional  liposome 
preparation  methods,  including  hydrodynamic  shear  (using  a  microflui- 
diser),  detergent  dialysis,  sonication,  mechanical  agitation,  and  rotary 
evaporation  (Djordjevich  and  Miller  1980,  Farmer  and  Gaber  1987, 
Beissinger,  Farmer  and  Gk)ssage  1986,  Jopski  et  al.  1989).  To  attain  a 
useful  trapped  hemoglobin  content,  the  starting  concentration  of  hemo¬ 
globin  usually  is  high  (15-35  g/dl),  which  sometimes  requires  the  stabili¬ 
zation  of  concentrated  hemoglobin  by  conversion  to  deoxy  or  CO  hemo¬ 
globin  (Tsuchida  1993,  Usaba  et  al.  1993).  The  typical  total  hemoglobin 
concentration  of  liposome-encapsulated  hemoglobin  ranges  from  3-10 
g/dl,  depending  on  the  starting  hemoglobin  concentration.  It  should  be 
noted  that  the  intraliposomal  concentration  is  much  higher  (10-30%),  de¬ 
pending  on  the  volume  percent  of  liposomes  (or  trapped  volume)  in  a 
given  preparation.  The  20-30%  encapsulation  efficiency  in  the  prepara¬ 
tions  means  that  cost-efficient  production  of  LEH  will  require  recycling 
of  unentrapped  hemoglobin,  which  has  been  demonstrated. 

Additional  components  of  liposome-encapsulated  hemoglobin  prepara¬ 
tions  have  included  stabilizers  to  retard  the  oxidation  of  hemoglobin  and 
enable  lyophilization  (Rudolph  1988,  Stratton  et  al.  1988).  One  of  the 
drawbacks  of  hemoglobin  encapsulation  is  that  the  hemoglobin  is  not  ac¬ 
cessible  to  antioxidants  present  in  blood.  Thus,  the  functional  half-life 
may  be  different  than  the  physical  removal  of  particles  (often  expressed 
as  circulation  persistence).  Hemoglobin  also  has  been  shown  to  interact 
with  the  lipid  bilayer  and  result  in  autoxidation  of  lipids,  generating  in 
some  cases  new  toxic  species  of  lipids  (Szebeni  et  al.  1985,  Szebeni  and 
Toth  1986,  Itabe,  Kobayashi  and  Inoue  1988).  Membrane  bound  antioxi¬ 
dants  such  as  alpha-tacopherol  and  co-encapsulated  glutathione  have 
been  added  to  reduce  methemoglobin  formation  and  reduce  interactions 
between  hemoglobin  and  the  lipid  bilayer  (Stratton  et  al.  1988).  The  in¬ 
clusion  of  disaccharides  in  the  preparation  has  resulted  in  the  ability  to 
lyophilize  and  reconstitute  functionally  and  structurally  intact  liposome- 
encapsulated  hemoglobin.  The  protective  disaccharides  have  been  shown 
to  prevent  fusion  and  leakage  of  hemoglobin  upon  rehydration  (Rudolph 
1988,  Rudolph  and  Cliff  1990,  Wang  et  al.  1992).  The  various  prepara¬ 
tion  methods  and  liposome  compositions  used  to  fabricate  liposome- 
encapsulated  hemoglobin  are  reviewed  in  Table  7.1. 

One  important  feature  of  liposome-encapsulated  hemoglobin  prepara¬ 
tions  is  particle  size,  as  it  has  consequences  for  both  large-scale  manu¬ 
facturing  methods  and  biological  responses.  The  submicron  particle  size 
of  most  preparations  has  often  been  speculated  to  allow  the  passage  of 
particles  into  vasoconstricted  areas,  although  this  has  never  been  dem- 
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onstrated.  Another  consideration  for  particle-size  production  characteris¬ 
tics  of  liposome-encapsulated  hemoglobin  is  the  ability  to  sterile  filter 
the  preparation,  which  requires  liposome  diameters  that  can  pass 
through  0.45  or  0.22  micron  filters.  The  size  distribution  of  liposome- 


Table  7.1  Liposome  formulations  and  methods  of  formation  for 
liposome-encapsulated  hemoglobin. 


Composition 

Method  of  Formation 

Reference 

nylon 

polymerization 

Chang  1964 

veg  PC:DCP 
DPPC:PA:chol 

agitation,  sonication 

Djordjevich  and 
Miller  1980 

egg  PC:DPPA:chol: 
vitE 

agitation,  rotary  evap. 

Hunt  et  al.  1985 

DCP:DMPG:chol 

extrusion 

Farmer  and  Gaber 
1987 

egg  PC:PI:chol 
egg  PC:PA:chol 

agitation 

sonication 

Szebeni  et  al.  1985 

HSPC:DMPG:chol: 

vitE 

microfluidization 

Beissinger  et  al. 

1986 

DSPC:DMPG:chol: 

vitE 

microfluidization 

Rudolph  ei  a/.  1991 

EggPC:DPPA:chol 

vitE 

detergent  dialysis 

Jopski  et  al.  1989 

HSPCrmyristic  acid: 
vitE:PEG-PE 

mechanical  agitation 

Yoshoika  1991, 
Sherwood  a/.  1993 

DSPC:GMl:chol: 

vitE 

microfluidization 

Goins,  Ligler  and 
Rudolph  1994 

abbreviations  used:  PC 

=  phosphatidylcholine,  DPPC 

=  dipalmitoyl 

phosphatidylcholine,  BPS  =  bovine  brain  phosphatidylserine,  chol  = 
cholesterol,  vitE  =  vitamin  E,  DCP  =  dicetylphosphate,  DMPG  =  dimyristoyl 
phosphatidylglycerol,  PI  =  phosphatidylinositol,  PA  =  phosphatidic  acid,  HSPC 
=  hydrogenated  soy  phosphatidylcholine,  DSPC  =  distearoyl 
phosphatidylcholine,  DPPA  =  dipalmitoyl  phosphatidic  acid,  PEG-PE  = 
polyethylene  glycol  derivative  of  phosphatidylethanolamine,  GMl  = 
monosialoganglioside. 

encapsulated  hemoglobin  that  has  been  processed  by  a  number  of  meth¬ 
ods  is  often  bimodal  (main  peak  at  0.3  microns  with  10-20%  population 


95 


A.S.  Rudolph 


at  0.8-1.0  microns).  The  larger-size  population  may  be  aggregates  of 
liposomes,  mediated  by  the  adherent  hemoglobin  to  the  outer  leaflet  of 
the  liposome  bilayer  (Rabinovici,  Rudolph  and  Feuerstein  1990b).  The 
adherent  hemoglobin  may  play  an  important  role  in  other  manufactur¬ 
ing  issues  as  well  as  biological  effects.  It  was  recently  shown  that 
liposome-encapsulated  hemoglobin  binds  endotoxin  and  that  the  bound 
endotoxin  is  biologically  active  (Cliff,  Kwasiborski  and  Rudolph  1994). 
The  binding  of  LPS  to  hemoglobin  has  been  recently  examined  and  may 
contribute  to  the  synergistic  action  of  hemoglobin  and  LPS  in  exacerbat¬ 
ing  the  consequences  of  sepsis  (White  et  al.  1986,  Roth  1994).  The  bind¬ 
ing  of  LPS  to  liposome-encapsulated  hemoglobin  also  has  important  im¬ 
plication  for  the  quality  control  testing  of  and  possible  application  of 
liposome-encapsulated  hemoglobin  in  trauma  patients  with  sepsis.  The 
typical  characteristics  for  LEH  preparations  made  to  date  are  reviewed 
in  Table  7.2. 

Table  7.2  Typical  parameters  of  liposome-encapsulated  hemoglobin 

manufactured  to  date. 


Composition 

see  Table  7.1 

Methemoglobin 

2-15%^ 

Size 

0.2  -  >1.0  microns^ 

Intravesicular  hemoglobin 

10-30  g/dl 

Total  hemoglobin 

3-10  g/dl® 

P50 

20-30  torr'^ 

Liposome  volume  fraction 

30-45% 

Lipid  concentration 

100  mM 

Endotoxin 

0.4  Eu/ml  -  unknown® 

^The  methemoglobin  value  is  largely  determined  by  tbe  bemoglobin  before 
processing.  Most  liposome  processing  methods  result  in  minimal  increase  in 
metbemoglobin  (2-5%). 

^Liposome  size  is  dependent  on  tbe  processing  methods. 

^Total  hemoglobin  relates  to  the  trapped  volume  of  the  liposome  solution, 
which  is  typically  30-40%. 

^Oxygen  carrying  capacity  is  unchanged  by  liposome  preparation  and  depends 
on  the  type  of  hemoglobin  and  buffers  used  in  processing, 

^Endotoxin  testing  of  hemoglobin  solutions  requires  strict  validation  with  both 
LAL  and  rabbit  pyrogen  testing  due  to  endotoxin  binding,  see  Cliff, 
Kwasiborski  and  Rudolph  1994. 


7.2  Biological  Responses  to  Liposome-Encapsulated 
Hemoglobin 

Most  of  the  biological  responses  to  the  administration  of  liposome- 
encapsulated  hemoglobin  are  dictated  by  the  liposome  surface.  Recruit¬ 
ment  of  serum  proteins  to  the  surface  mediate  recognition  and  removal 
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of  liposomes  from  the  circulation  (Patel  1992).  The  liposome  formulation 
used  in  the  fabrication  of  liposomes  with  hemoglobin  results  in  a  vehicle 
that  is  quite  stable  in  vivo.  There  is  no  significant  leakage  of  hemoglobin 
from  the  liposomes  following  administration,  as  evidenced  by  quantita¬ 
tive  biodistribution  studies  with  radiolabeled  liposome-encapsulated  he¬ 
moglobin  (Rudolph  et  al.  1991,  Phillips  et  al.  1992).  These  studies  show 
no  accumulation  of  the  encapsulated  tetrameric  hemoglobin  in  the  kid¬ 
ney,  the  traditional  site  of  tetrameric  hemoglobin  clearance.  Thus,  many 
of  the  observed  effects  are  related  to  the  large-dose  application  of 
liposomes.  The  mechanism  by  which  liposome-encapsulated  hemoglobin 
is  cleared  is  not  yet  elucidated,  but  new  information  on  the  role  of  com¬ 
plement  may  be  informative  (Szebeni  et  al.  1994).  A  summary  of  all  of 
the  in  vivo  studies  performed  with  liposome-encapsulated  hemoglobin 
can  be  found  in  Table  7.3. 

7.2. 1  Top  Loading  in  Normovolemic  Animals. 

Administration  of  10-25%  blood  volume  with  liposome-encapsulated  he¬ 
moglobin  (approximately  2g  Hb/kg  and  Ig  lipid/kg  animal)  in  normovole¬ 
mic  animals  results  in  a  number  of  transient  effects.  A  moderate  in¬ 
crease  in  liver  transaminases  (alanine  aminotransferase  and  aspartate 
transaminase)  is  observed  following  administration  of  10-25%  (blood  vol¬ 
ume)  liposome-encapsulated  hemoglobin,  which  returns  to  baseline  after 
24  hours  (Hunt  et  al.  1985,  Rudolph  et  al.  1994a).  Leukocytosis  is  also 
observed  over  the  same  time  course,  which  has  been  correlated  to  an  in¬ 
crease  in  polymorphonuclear  cells  and  not  lymphocjd^es  (Rabinovici  et  al. 
1989,  Rudolph  et  al.  1994a).  This  suggests  that  LEH  may  alter  the  mar- 
gination  of  these  cells.  Transient  thrombocytopenia  also  has  been  ob¬ 
served  at  this  dose  level  in  both  rats  and  rabbits,  which  return  to 
baseline  at  1  hour  postadministration  (Rabinovici,  Rudolph  and  Feuer- 
stein  1989,  Phillips  et  al.  1994).  Recent  studies  have  demonstrated  that 
the  thromboc5dopenia  is  due  to  a  transient  sequestration  of  platelets  in 
the  lung  (Phillips  et  al.  1994).  Thrombocytopenia  appears  to  be  related  to 
the  application  of  liposomes  and  has  been  observed  in  other  liposome 
preparations  in  small  animals  (Loughrey  et  al.  1990).  The  mechanism  of 
this  effect  is  related  to  the  activation  of  complement  (Loughrey  et  al. 
1990).  Recent  studies  with  liposome-encapsulated  hemoglobin  in  the  rat 
also  demonstrate  that  the  thromboc5d;openic  reaction  may  be  related  to 
the  activation  of  complement  (Szebeni  et  al.  1994).  The  significance  of 
complement  activation  and  whether  this  is  relevant  to  human  liposome 
application  is  not  clear  as  the  CRl  receptor  is  not  found  on  human  plate¬ 
lets.  Some  of  these  effects  were  alleviated  by  the  substitution  of  syn¬ 
thetic  phosphatidylcholines  for  the  soy-based  phosphatidylcholine  which 
had  measurable  lysolecithin  contamination  (Rabinovici,  Rudolph  and 
Feuerstein  1990b).  An  antagonist  for  platelet  activating  factor  (BN 
50739)  also  alleviated  many  of  these  untoward  effects  (Rabinovici  et  al. 
1990a). 
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Table  7.3  Significant  observations  following  in  vivo  administration 
of  liposome-encapsulated  hemoglobin. 


Model 

Animal 

Major  Findings 

Reference 

Total 

isovolemic 

exchange 

transfusion^ 

rat 

Improved  survival, 
maintenance  of  systemic 
PO2  and  MAP. 

Djordjevich  and  Miller  1980 
HunteZoZ.  1985 

Farmer  efaZ-  1988 
LiglerefaZ.  1989 

50%  and  70% 
h3rpovolemic 
hemorrhagic 
shock 

rat,  dog 

When  combined  with 
h3T)ertonic  saline, 
increased  Oj  tissue 
delivery,  MAP  and 
survival. 

Rabinovici  eZ  aZ.  1993 
UsabaeZaZ.  1993 

Partial 
exchange 
transfusion 
(25%  and  50%) 

rat,  dog 

Mild  transient  increase 
in  SGOT,  SGPT,  BUN, 
bilirubin,  splenomegaly 
and  Kuppfer  cell 
accumulation, 
variability  in  cardiac 
output. 

HunteZaZ.  1985 

Djordjevich  et  al.  1987 
Usaba  et  al.  1993 

Rabinovici  cZ  aZ.  1994 

Goins  eZaZ.  1994 

Top  load  in 
normovolemic 
animals 
(10-25%) 


rat, 

rabbit, 

monkey^ 


Transient  increase  in 
SGOT,  SGPT,  bilirubin, 
thrombocytopenia, 
leukoc3d;osis, 
tachycardia, 
thromboxane, 
complement  activation, 
hypertension,  reduced 
cardiac  output,  4-7  day 
transit  through  liver 
and  spleen,  long-term 
survival,  no  effect  on 
hemod3niamics  and  lung 
injury  associated  with 
endotoxin  challenge.^ 


Rudolph  e^aZ.  1991 
Rabinovici  ef  1989 
Rabinovici  ei  ai.  1990a 
Phillips  aZ.  1992 
SzebenieZoZ.  1994 
Spirige^oZ.  1993 
Sherwood  aZ.  1993 


^Animals  were  bled  to  <6%  hematocrit. 

^Some  transient  effects  were  eliminated  by  using  synthetic  lecithin  for  soy-based 
lecithin  which  contained  lysolecithin  contamination  (Rabinovici  et  al.  1990b). 
^Monkey  studies  will  be  reported  in  a  manuscript  in  preparation.  Only  transient 
leukocjdosis  was  observed. 
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7.2.2  Exchange  Transfusion  and  Hemorrhagic  Shock 

The  first  demonstrations  of  efficacy  in  total  isovolemic  exchange  transfu¬ 
sion  clearly  demonstrated  the  ability  of  liposome-encapsulated  hemoglo¬ 
bin  to  transport  oxygen  in  vivo  and  support  life  below  a  lethal  hematocrit 
of  2%  (Djordjevich  and  Miller  1980,  Ligler,  Stratton  and  Rudolph  1989). 
The  first  direct  demonstration  of  oxygen  delivery  by  liposome- 
encapsulated  hemoglobin  was  recently  accomplished  in  a  rat  model  of 
hypovolemic  hemorrhagic  shock  (Rabinovici  et  al.  1993).  Lyophilized 
liposome-encapsulated  hemoglobin  reconstituted  with  hypertonic  saline 
was  administered  following  Oi  10%  reduction  in  blood  volume,  and  pe¬ 
ripheral  tissue  oxygen  content  was  measured  with  an  oxygen  electrode 
in  the  abdominal  muscle  tissue.  This  group  showed  significantly  higher 
PO2,  greater  recovery  of  mean  arterial  pressure  and  survival  than  the 
control  groups,  which  included  hypertonic  saline,  lactated  Ringers,  and 
liposome-encapsulated  hemoglobin  in  normal  saline.  It  is  interesting  to 
note  that  administration  of  liposome-encapsulated  hemoglobin  in  normal 
saline  did  not  increase  peripheral  tissue  oxygen  tension,  suggesting  that 
this  preparation  of  liposome-encapsulated  hemoglobin  did  not  pass  pe¬ 
ripherally  vasoconstricted  areas  without  the  addition  of  a  plasma  ex¬ 
pander. 

Hemodynamic  studies  in  partial  exchange  transfusion  with  liposome- 
encapsulated  hemoglobin  has  documented  recovery  of  mean  arterial 
pressures  in  contrast  to  injection  of  a  saline  control  which  showed  hypo¬ 
tension  over  the  same  3-hour  observation  period  (Rabinovici  et  al.  1992, 
Goins  et  al.  1994).  The  maintenance  of  mean  arterial  pressure  was  a  re¬ 
sult  of  opposing  effects  of  increased  total  peripheral  resistance  and  de¬ 
creased  cardiac  output.  The  only  previous  hemodynamic  study  of  ex¬ 
change  transfusion  with  liposome-encapsulated  hemoglobin  also  showed 
maintenance  of  mean  arterial  pressure  (Djordjevich  et  al.  1987).  This 
was  ascribed,  however,  to  an  increased  cardiac  output  and  vasodilation. 
In  these  limited  studies,  there  has  been  no  observation  of  hypertension, 
which  has  been  observed  with  other  hemoglobin-based  blood  substitutes. 

7.2.3  Effect  of  Liposome-encapsulated  Hemoglobin  on 
Reticuloendothelial  System  Function 

Histopathological  studies  following  the  administration  of  liposome- 
encapsulated  hemoglobin  show  significant  accumulation  of  material  in 
the  liver  and  spleen  (Hunt  et  al.  1985,  Rudolph  et  al.  1991,  Rudolph  et  al. 
1994a).  The  transit  through  these  organs,  following  clinically  relevant 
administration  of  liposome-encapsulated  hemoglobin,  is  4-7  days  with 
full  recovery  of  organ  structure.  Kupffer  cells  in  the  liver  are  principally 
involved  with  clearance  of  liposome-encapsulated  hemoglobin.  The 
spleen  shows  significant  loss  of  red  pulp  with  considerable  filtering  at 
early  time  points  (Rudolph  et  al.  1994b). 
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Recent  studies  have  focused  on  the  consequences  of  accumulation  of 
liposome-encapsulated  hemoglobin  in  the  reticuloendothelial  system 
(RES).  This  is  particularly  relevant  for  application  of  blood  substitutes  in 
combat  medicine,  as  septic  challenge  often  accompanies  blood  loss.  The 
functional  status  of  the  RES  has  been  addressed  by  examination  of  car¬ 
bon  clearance  following  liposome-encapsulated  hemoglobin  administra¬ 
tion  (Beach  et  al.  1992).  Carbon  clearance  was  not  significantly  altered 
by  liposome-encapsulated  hemoglobin  administration  3  hours  following 
administration  of  10%  top  load  in  rats  and  in  an  isolated  perfused  rat 
liver  model.  More  recent  studies  have  focused  on  the  production  of  in¬ 
flammatory  c5ftokines  in  response  to  liposome-encapsulated  hemoglobin 
or  secondary  challenge  with  endotoxin.  Liposome-encapsulated  hemoglo¬ 
bin  does  not  illicit  tumor  necrosis  factor  by  the  RES  but  does  retard  the 
ability  of  macrophages  to  express  tumor  necrosis  factor  in  response  to  an 
endotoxin  challenge  (Langdale  et  al.  1992,  Rudolph  et  al.  1994a,d).  The 
effect  of  liposome-encapsulated  hemoglobin  on  the  RES  is  clearly  an  area 
that  will  require  additional  studies.  In  vivo  studies  to  examine  secondary 
infectious  challenge  are  required  to  determine  the  level  of  RES  function 
following  administration  of  a  clinically  relevant  dose  of  liposome- 
encapsulated  hemoglobin.  Preliminary  evidence  is  not  conclusive  (Sher¬ 
wood  et  al.  1993,  Spirig  et  al.  1993). 


7.3  Future  Research  and  Development 

The  progress  in  understanding  the  safety  and  efficacy  of  liposome- 
encapsulated  hemoglobin  has  been  substantial  in  the  last  decade.  There 
are,  however,  areas  of  research  that  have  been  largely  unexplored  and 
are  important  to  the  goal  of  further  development  and  eventual  human 
testing.  Recent  efforts  have  been  undertaken  to  understand  the  vasoac- 
tivity  of  encapsulated  hemoglobin,  as  hemoglobin  has  been  shown  to  in¬ 
duce  significant  vasoconstriction.  Preliminary  efforts  have  shown  that 
encapsulation  of  hemoglobin  dramatically  attenuates  the  vasoconstrictor 
activity  of  hemoglobin  (Rudolph  et  al.  1994d).  Further  studies  will  exam¬ 
ine  the  interaction  of  liposome-encapsulated  hemoglobin  with  the  endo¬ 
thelium  and  nitric  oxide  binding.  Additional  information  of  effects  of 
liposome-encapsulated  hemoglobin  on  the  RES  will  also  be  important  to 
further  development.  These  efforts  will  examine  antibody  production,  in 
vivo  sepsis  models,  and  macrophage  function  following  administration. 

Although  large-scale  manufacturing  methods  have  been  developed  for 
production  of  liposome-encapsulated  hemoglobin  (including  sterile  filtra¬ 
tion  methods),  quality  control  assays  are  required.  The  interaction  of  the 
lipid  bilayer  and  hemoglobin,  as  well  as  changes  in  the  encapsulated  he¬ 
moglobin  are  important  components  of  this  activity.  These  efforts  might 
lead  to  new  generations  of  liposome  preparations  and  contribute  to  the 
clinical  application  of  encapsulated  hemoglobin.  In  addition,  they  will  al- 
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low  for  studies  in  larger  animal  models,  which  will  add  to  our  under¬ 
standing  of  the  biological  effects  of  this  hemoglobin-based  blood  substi¬ 
tute. 
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8.1  Introduction 

The  anticipated  clinical  application  of  large  amounts  of  highly  concen¬ 
trated  hemoglobin  as  an  acellular  Og  carrier  has  presented  an  array  of 
challenges  to  the  protein  engineer.  The  simplest  of  these  have  been  met: 
designing  chemical  and  mutant  modifications  that  reduce  or  eliminate 
tetramer-dimer  dissociation  and  ones  that  covalently  modulate  Og  affin¬ 
ity.  Some  of  these  modified  proteins  have  been  tested  in  humans,  and 
while  the  results  are  promising,  they  point  out  that  difficult  challenges 
are  still  ahead.  The  principal  challenge  now  is  to  reduce  or  to  eliminate 
toxic  side  effects,  because  it  is  unlikely  that  a  red  cell  substitute  that  is 
not  virtually  safe  will  compete  successfully  with  red  blood  cells  for  clini¬ 
cal  use. 

Properties  of  cell-free  hemoglobin  that  potentially  may  lead  to  in  vivo 
toxicity  are  heme-globin  dissociation  and  denaturation  (producing  insol¬ 
uble  globin),  production  of  Og-free  radicals,  extravasation,  and  inhibition 
of  NO  activity  by  binding  to  hemoglobin  or  through  oxidation  reactions. 
Common  to  at  least  a  few  of  the  problems  is  hemoglobin  structural  sta¬ 
bility,  which  also  raises  logistic  concerns  about  the  long-term  storage  of 
these  solutions. 

Basic  mechanisms  of  hemoglobin  stability  must  be  understood  to  predict 
and,  hopefully,  avoid  toxic  side  effects.  This  chapter  discusses  the  bio¬ 
chemistry  of  hemoglobin  oxidation  and  denaturation  and  assumes  some 
basic  understanding  of  hemoglobin  chemistry.  It  addresses  issues  of  sta¬ 
bility,  including  mechanisms  of  hemoglobin  degradation,  new  strategies 
for  designing  stable  molecules  using  site-directed  mutagenesis,  and  the 
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potential  toxicities  of  acellular  hemoglobin  solutions,  particularly  endo¬ 
thelial  cytotoxicity. 


8.2  Hemoglobin  Denaturation  inside  Red  Blood  Cells 

Hemoglobin  is  an  inherently  unstable  molecule.  It  is  a  heme-containing 
metalloprotein  that  binds  O2  reversibly  at  four  reactive  sites.  Because 
iron  is  a  transition  metal,  hemoglobin  also  undergoes  a  reversible  change 
in  oxidation  state  from  the  ferrous  (Fe^^)  to  the  ferric  (Fe^"^)  or  methemo- 
globin  form,  making  it  an  effective  redox  catalyst.  During  autoxidation, 
hemoglobin  becomes  oxidized  by  molecular  oxygen  as  it  dissociates  from 
oxyhemoglobin,  removing  an  electron  from  heme  iron  and  creating  a  loss 
in  the  protein’s  function  and  stability:  O2  does  not  bind  to  ferric  hemes, 
and  the  interaction  between  ferric  heme  and  globin  is  weakened.  Once 
heme  dissociates,  apohemoglobin  unfolds  and  becomes  insoluble  at 
physiologic  pH  and  temperature. 

The  long-term  survival  of  red  blood  cells  depends  on  their  ability  to  pre¬ 
vent  this  sequence  of  events  from  hemoglobin  oxidation  to  denaturation. 
Precipitated,  denatured  hemoglobin  molecules  form  Heinz  bodies  on  the 
inside  surface  of  the  red  cell  membrane,  which  can  cause  oxidative  dam¬ 
age  to  the  membrane  (Jacob  and  Winterhalter  1970,  Winterbourn  1990). 
Heme  is  a  pro-oxidant  that  reacts  with  activated  oxygen  species,  promot¬ 
ing  lipid  peroxidation,  protein  oxidation  and  inter-protein  cross-linking, 
ultimately  leading  to  hemolysis  (Vincent  1989).  In  sickle  cells,  the 
amount  of  membrane-bound  heme  is  directly  related  to  the  degree  of  he¬ 
molysis  (Kannan,  Labotka  and  Low  1988). 

Red  blood  cells  contain  complex  methemoglobin  reductase  and  antioxi¬ 
dant  systems  to  help  prevent  these  reactions.  And  in  normal  red  blood 
cells,  methemoglobin  makes  up  no  more  than  3%  of  erythrocytic  hemo¬ 
globin.  Methemoglobinemias,  however,  can  occur  pathologically  when 
the  red  cell  reductase  or  antioxidant  systems  are  impaired  or  when  ge¬ 
netic  mutations  of  hemoglobin  make  the  molecule  more  susceptible  to 
oxidative  reactions. 

Mutation  of  even  a  single  hemoglobin  amino  acid  residue  can  adversely 
affect  its  molecular  stability,  and  some  of  these  hemoglobin  variants  are 
prone  to  denaturation.  A  loss  in  stability  can  occur  through  structural 
changes  that  make  the  molecule  more  flexible,  opening  up  the  heme 
pocket  to  water  or  anions  and  increasing  its  rate  of  oxidation.  Other  mu¬ 
tations  disrupt  secondary  structure  or  alter  hydrophobic  or  hydrophilic 
regions  and  promote  unfolding  of  the  polypeptide  chains.  Two  particu¬ 
larly  vulnerable  areas  of  the  molecule  are  the  a^|32  interface  and  the 
heme  pocket.  Some  natural,  unstable  mutants  are  listed  in  Table  8.1, 
and  a  more  extensive  list  can  be  found  in  Table  13-1  in  Bunn  and  Forget 
(1986). 
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Table  8.1  Some  natural,  unstable  hemoglobin  mutants. 


Torino 

aCDKPhe  ^  Val) 

Loss  of  heme  steric  contact 

Hirosaki 

aCDl(Phe  Leu) 

Loss  of  heme  steric  contact 

Iwata 

aF8(His  Arg) 

Hemichrome  formation  and  heme  loss 

Setif 

aGKAsp  Tyr) 

Disruption  of  subunit  contact 

St.  Louis 

PB10(Leu  ^  Gin) 

Introduction  of  interior  dipole 

Genova 

pB10(Leu  Pro) 

Disruption  of  a  helix 

Hammersmith 

pCDKPhe  ^  Ser) 

Loss  of  heme  steric  contact 

Louisville 

pCDKPhe  ->  Leu) 

Loss  of  heme  steric  contact 

Warsaw 

pCDl(Phe^Val) 

Loss  of  heme  steric  contact 

Zurich 

PE7(His->Arg) 

Opening  of  distal  heme  pocket 

Bicetre 

pE7(His  ^  Pro) 

Disruption  of  a  helix 

I-Toulouse 

pE10(Lys  Glu) 

Loss  of  heme  electrostatic  contact 

Sydney 

PElKVal^Ala) 

Gap  in  distal  heme  pocket 

Bristol 

PEll(Val^Asp) 

Introduction  of  interior  charge 

Mozhaisk 

pF8(His  Arg) 

Heme  loss 

Istanbul,  St.  Etienne 

pF8(His  ->  Gin) 

Heme  loss 

Newcastle 

pF8(His  Pro) 

Heme  loss 

Koln 

PFG5(Val  ^  Met) 

Disruption  of  subunit  contact 

Southamption 

PG8(Leu  Pro) 

Disruption  of  a  helix 

Tubingen 

PG8(Leu  — >  Gin) 

Introduction  of  interior  dipole 

Adapted  from  Bunn  and  Forget  (1986). 


8.3  Adverse  Effects  of  Acellular  Hemoglobin 

During  hemolysis,  free  hemoglobin  and  its  breakdown  products  are  nor¬ 
mally  removed  from  the  circulation  by  a  number  of  plasma  proteins. 
Haptoglobin  binds  hemoglobin  dimers,  hemopexin  and  albumin  bind 
heme,  and  transferrin  binds  iron.  The  complexes  are  then  transported 
from  the  intravascular  space  to  the  liver,  spleen  and  bone  marrow  for 
metabolic  processing.  However,  during  severe  hemolysis,  these  serum 
proteins  can  become  saturated,  causing  the  concentration  of  free  heme  in 
plasma  to  rise  (Muller-Eberhard  et  al.  1968).  This  latter  situation  may 
parallel  applications  of  hemoglobin-based  blood  substitutes  in  which 
large  amounts  of  the  acellular  hemoprotein  are  directly  exposed  to 
plasma  proteins. 

When  cell-free  hemoglobin  persists  in  the  circulation,  a  number  of  toxic 
reactions  occur:  (i)  Dissociated  hemoglobin  dimers  not  bound  to  haptoglo¬ 
bin  are  filtered  through  the  kidneys,  potentially  injuring  kidney  tubules, 
(ii)  In  the  absence  of  red  cell  methemoglobin  reductase  and  other  cellular 
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antioxidants,  hemoglobin  oxidation  takes  place  uninhibited,  and  methe- 
moglobin,  superoxide  anion,  and  hydrogen  peroxide  are  formed,  (iii) 
Heme  dissociates  from  methemoglobin,  and  free  heme  and  iron  catalyze 
reactions  with  superoxide  and  hydrogen  peroxide  to  produce  highly  reac¬ 
tive  oxygen  free-radical  species  that  add  or  remove  electrons  from  bio¬ 
logical  molecules  and  propagate  a  chain  reaction  of  free  radical  produc¬ 
tion. 

All  hemoglobin  products  that  are  being  developed  as  acellular  resuscita¬ 
tion  fluids  have  altered  molecular  structures,  either  through  site-specific 
chemical  or  genetic  cross-linking,  but  because  even  a  single  mutation  can 
markedly  affect  hemoglobin  function  and  stability,  each  new  product  has 
to  be  studied  independently  for  these  effects.  Cross-linking  prevents  he¬ 
moglobin  dissociation,  and  so  renal  toxicity  has  become  less  of  an  issue, 
but  the  potential  for  oxidative  catalysis  of  free  radical  reactions  remains 
an  active  area  of  research. 


8.4  Structural  Interactions  between  Heme  and  Globin 

In  heme,  iron  is  bound  through  four  coordinate  bonds  to  the  pyrrole  ni¬ 
trogens  of  protoporphyrin  IX.  In  hemoglobin  and  myoglobin,  a  fifth  coor¬ 
dinate  bond  is  formed  between  heme  iron  and  the  globin  at  the  e-NH 
group  of  the  proximal  His  at  the  eighth  position  of  the  F  helix.  (Og  binds 
distal  to  the  heme  as  a  sixth  coordinate  iron  ligand.)  Heme  partitions 
into  a  pocket  between  the  E  and  F  helices  of  a  and  p  subunits  in  hemo¬ 
globin,  primarily  through  hydrophobic  interactions.  Selected  residues  in 
the  a-  and  P-subunit  heme  pockets  are  shown  in  Figure  8.1. 

The  apolar  heme  vinyl  groups  react  with  the  hydrophobic  interior  of  the 
pocket,  and  the  charged  heme  propionate  groups  point  outward  toward 
the  hydrophilic  surface  of  the  protein.  In  human  hemoglobin,  the  heme- 
7-propionates  interact  with  Lys  residues  at  positions  ElO  on  both  sub¬ 
units.  In  a  subunits,  the  heme-6-propionate  interacts  electrostatically 
with  a  His  residue  at  position  CDS.  In  p  subunits,  CDS  is  a  Ser  residue 
that  provides  less  overall  interaction  to  stabilize  the  heme. 

Oxidation  of  heme  iron  from  Fe^'*'  to  Fe^"^  weakens  the  fifth  coordinate 
bond  to  the  proximal  His  and  increases  the  probability  of  heme  loss 
(Bunn  and  Jandl  1968).  The  pathways  involved  in  hemoglobin  dena- 
turation  are  presented  in  Figure  8.2.  The  first  step  is  oxidation  of  the 
heme  iron. 
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Figure  8.1  Diagram  of  the  a-  and  p-subunit  heme  pockets  in  human  he¬ 
moglobin.  The  heme  ring  is  show  with  Og  bound.  (Courtesy  of  Lynn 
TenEyck,  Supercomputer  Center,  University  of  California,  San  Diego). 
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OxyHb 


ApoHb  Protoporphyrin  IX  Iron 


Figure  8.2  Diagram  of  possible  pathways  of  hemoglobin  denaturation  start¬ 
ing  with  oxyhemoglobin.  The  proximal  His  is  shown,  and  distal  His  is  shown 
bound  to  the  ferric  heme  in  a  reversible  hemichrome.  SOD  =  superoxide  dis- 
mutase;  HO  =  heme  oxygenase. 
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8.5  Mechanisms  of  Hemoglobin  Autoxidation 

In  either  isolated  chains  or  in  the  intact  hemoglobin  molecule,  a  sub¬ 
units  have  a  lower  redox  potential  than  p  subunits  (Baneijee  and  Cas- 
soly  1969,  Baneijee  and  Lhoste  1976),  and  as  a  result,  a  subunits  oxidize 
more  readily  (Mansouri  and  Winterhalter  1974).  Furthermore,  hemoglo¬ 
bin  dimers  oxidize  nearly  20  times  more  rapidly  than  intact  tetramers, 
presumably  due  to  the  fewer  number  of  conformational  constraints 
within  dimers  (Zhang,  Levy  and  Rifkind  1991). 

There  are  two  mechanisms  of  autoxidation  of  the  hemoproteins,  hemo¬ 
globin  and  myoglobin,  that  bind  Og  reversibly  as  Og-carrier  and  storage 
proteins,  respectively.  Both  mechanisms  involve  production  of  the  su¬ 
peroxide  anion  (02'*),  and  the  difference  in  susceptibility  of  the  subunits 
to  oxidation  is  reflected  by  their  rates  of  superoxide  dissociation  (i.e.,  02  * 
dissociates  faster  from  a  subunits)  (Demma  and  Salhany  1979). 

The  first  mechanism  of  autoxidation  involves  the  transfer  of  an  electron 
from  ferrous  heme  to  bound  O2,  producing  ferric  heme  and  the  direct  dis¬ 
sociation  of  superoxide  (Eq.  1)  (Weiss  1964): 

(1)  Hb(Fe2-")02  HbCFe®-")  +  O^’- 

The  transition  of  O2  bound  to  ferrous  heme  to  that  of  02”*  bound  to  low- 
spin  ferric  heme  occurs  when  an  electron  in  one  of  the  iron  d  orbitals  is 
transferred  to  an  unoccupied  %*  orbital  of  bound  O2.  The  electron  is  lost 
from  iron  as  superoxide  dissociates,  leaving  ferric  heme. 

The  second  mechanism  of  autoxidation  involves  a  nucleophile-mediated 
exchange  of  an  electron  from  ferrous  iron  to  unbound  O2  (Wallace  et  al. 
1982). 

(2)  HbOg  Hb(Fe^'")  +  O2 

(3)  Hb(Fe^*)  +  N  HbCFe^^XN) 

(4)  HbCFe^^XN)  +  Og  ^  Hb(Fe®^)N  +  02'- 

In  this  reaction,  bound  O2  must  first  dissociate  from  the  ferrous  hemo- 
protein  (Eq.  2).  A  nucleophile  (N)  then  binds  to  the  unliganded  hemopro- 
tein  (Eq.  3),  and  oxidation  of  the  ferrous  heme  iron  occurs  as  an  electron 
is  transferred  to  unbound  O2  (Eq.  4).  Again,  superoxide  is  produced,  and 
in  this  case,  the  nucleophile  becomes  a  ferric  heme  ligand.  It  has  been 
suggested  that  the  distal  His  (E7)  can  act  as  an  endogenous  nucleophile 
that  displaces  02*"*,  creating  a  transient  hemichrome  species  (Rifkind  et 
al,  1994)  (see  below.  Section  8.6.1). 

The  mechanism  of  autoxidation,  either  direct  dissociation  of  the  superox¬ 
ide  anion  (Eq.  1)  or  nucleophilic  displacement  (Eqs.  2-4),  depends  on  Og 
concentration.  Using  myoglobin,  a  single-subunit  hemoprotein,  Brantley 
et  al.  (1993)  have  shown  that  at  low  O2  concentration,  where  dissociation 
of  oxymyoglobin  to  deoxymyoglobin  and  O2  is  favored,  the  latter  mecha- 
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nism  in  Eqs.  2-4  predominates.  At  high  O2  concentrations,  where  oxy- 
myoglobin  is  favored,  direct  dissociation  of  superoxide  occurs  (Eq.  1).  In 
air  at  37°C,  direct  dissociation  of  superoxide  is  the  primary  mechanism, 
and  protonation  of  bound  O2  is  required  (Brantley  et  al.  1993).  Lower 
pH  accelerates  hemoprotein  autoxidation  because  the  protein-(Fe^'^)02 
complex  has  to  be  protonated  before  superoxide  can  dissociate.  As  pro¬ 
posed  by  Shikama  (1984),  an  unprotonated,  negatively  charged  superox¬ 
ide  anion  would  simply  rebind  to  hemin. 

8.5.1  Effect  of  O2  Affinity 

In  general  for  myoglobin  and  for  hemoglobin,  there  is  a  strong  negative 
correlation  between  O2  affinity  and  the  rate  of  autoxidation 
true  for  modified  hemoglobins  (Macdonald  et  al.  1991)  and  for  site- 
specifically  mutated  myoglobins  (Springer  et  al.  1989,  Brantley  et  al. 
1993)  (Figure  8.3).  Therefore,  hemoglobins  that  are  designed  as  cell-free 


Figure  8.3  Correlation  between  P50  and  rates  of  autoxidation  for 
myoglobin  and  site-directed  mutant  myoglobins  (adapted  from  Brantley  et 
al.  1993)  and  (inset)  for  hemoglobin  and  chemically  modified  hemoglobins 
(adapted  from  Macdonald  et  al.  1991). 

O2  carriers  to  have  low  O2  affinity  will  probably  also  have  high  rates  of 
autoxidation.  However,  other  effects  can  occur.  For  example, 
glutaraldehyde-polymerized  hemoglobin  has  a  decreased  redox  potential 
and  a  higher  rate  of  autoxidation  but  also  higher  O2  affinity  (Guillochon, 
Esclade  and  Thomas  1986).  For  hemoglobin-based  blood  substitutes,  the 
optimal  balance  between  Og  affinity  and  rate  of  autoxidation  is  not 
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known.  Nevertheless,  it  is  clear  that  rates  of  oxidiation  should  be  kept 
minimal  to  prevent  hemoglobin  denaturation  and  the  production  of  oxi¬ 
dative  species. 

8.5.2  Effects  of  Distal  Pocket  Mutations 

John  S.  Olson’s  group  at  Rice  University  and  in  collaboration  with  others 
have  used  myoglobin  to  study  the  effects  of  site-specific  mutations  on 
autoxidation  rates.  Several  features  have  been  revealed  about  the  heme 
pocket.  Some  of  their  results  are  summarized  below  and  in  Table  8.2. 

Residue  E7  (distal  His):  In  native  myoglobin  (and  in  a  subunits  of  hu¬ 
man  hemoglobin),  distal  His  forms  a  hydrogen  bond  with  boimd  O2  that 
is  critical  for  maintaining  heme  iron  in  the  ferrous  state  by  both  stabiliz¬ 
ing  and  inhibiting  protonation  of  bound  O2.  The  loss  of  this  hydrogen 
bond  has  dramatic  effects  on  O2  affinity  and  rates  of  autoxidation.  Sub¬ 
stituting  distal  His  in  myoglobin  with  an  apolar  residue  increases  its 
rate  of  autoxidation  by  100-800  times,  depending  on  the  size  of  the  apo¬ 
lar  side  chain  (i.e.,  the  smaller  the  side  chain,  the  higher  the  rate) 
(Brantley  ef  a/.  1993). 

The  smallest  increase  in  the  rate  of  autoxidation  by  a  mutation  of  the 
distal  His  in  sperm  whale  myoglobin  in  the  study  of  Brantley  et  al. 
(1993)  was  E7(His  Gin),  which  showed  only  a  4-fold  increase  in  rate. 
Interestingly,  elephant  myoglobin  has  an  E7  distal  Gin,  and  compared 
with  human  myoglobin  with  an  E7  distal  His,  its  rate  of  azide  oxidation 
is  4.5-fold  lower,  even  though  these  two  myoglobins  possess  similar  O2 
affinities  (Romero-Herrera  et  al.  1981).  The  E7  residue  is  not  the  only 
difference  in  the  heme  pocket  of  elephant  myoglobin  compared  with  hu¬ 
man  or  sperm  whale  myoglobins.  The  elephant  protein  also  contains  a 
Phe  residue  at  position  BIO  (J.S.  Olson,  personal  communication),  which 
may  have  additional  significant  effects  on  stability  (see  below). 

The  results  for  the  single-site  E7  Gin  sperm  whale  myoglobin  mutant 
and  for  native  elephant  myoglobin  are  consistent  as  well  with  the  recent 
report  of  a  site-directed  myoglobin  double  mutant  E7(His  — >  Gln)/B10 
(Leu  — >  Tyr)  that  has  a  lower  rate  of  autoxidation  but  unaltered  O2  bind¬ 
ing  properties  (Brunori  1994).  This  double  mutant  has  the  same  resi¬ 
dues  at  positions  E7  and  BIO  as  Ascaris  hemoglobin  in  which  a  hydrogen 
bond  forms  between  bound  O2  and  these  two  residues  (De  Baere  et  al. 
1994).  Apparently,  the  additional  stability  of  bound  O2  in  the  myoglobin 
double  mutant  reported  by  Brunori  slows  its  rate  of  autoxidation. 

In  Hemoglobin  Zurich,  an  unstable  hemoglobin  mutant,  Arg  is  substi¬ 
tuted  for  the  E7  distal  His  in  p  subunits  (see  Table  8.1).  The  larger  dis¬ 
tal  side  chain  of  Arg  moves  out  of  the  heme  pocket  to  the  surface  of  the 
molecule,  leaving  the  heme  pocket  more  exposed  to  solvent  (Tucker  et  al. 
1978). 
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Table  8.2.  Autoxidation,  hemin  loss,  and  stability  for  native,  wild-type, 
and  site-directed  mutant  myoglobins. 


Spe€ies 

kox' 

Stability^ 

Reference^ 

(hr-') 

(hr-') 

native 

sw^ 

0.06 

-0.01 

125,000 

a,b 

wild-t3^e 

sw 

0.05 

-0.01 

70,000 

a,b 

native 

pig 

0.06 

— 

— 

a 

wild-t3^e 

pig 

0.07 

<0.01 

600 

a,b 

wild-type 

human 

„„ 

-0.01 

2000 

b 

BIO  (Leu  — >  Ala) 

sw 

0.24 

— 

.... 

c 

(Leu  Val) 

sw 

0.23 

.... 

— 

c 

(Leu  Phe) 

sw 

0.005 

<0.01 

100,000 

b,c 

(Leu  Asn) 

sw 

— 

0.10 

<10 

b 

GDI  (Phe  Val) 

sw 

— 

2 

1400 

b 

(Phe  ^  He) 

sw 

.... 

2 

28,000 

b 

CDS  (Lys  Ser) 

pig 

0.4 

— 

.... 

a 

(Lys  ->  His) 

pig 

0.17 

.... 

— 

a 

(Lys  ^  Arg) 

pig 

0.10 

.... 

— 

a 

(Lys  Glu) 

pig 

1.2 

— 

— 

a 

(Arg  ->  Glu) 

sw 

.... 

0.2 

.... 

d 

E7  (His  ^  Ala) 

sw 

58 

0.4 

330,000 

a,b 

(His  ->  Leu) 

sw 

10 

0.2 

740,000 

a,b 

(His  ^  Phe) 

sw 

6 

0.08 

1,600,000 

a,b 

(His  Gin) 

sw 

0.21 

0.12 

50,000 

a,b 

ElO  (Thr  ->  Ala) 

pig 

0.9 

.... 

.... 

a 

(Thr^Arg) 

pig 

0.04 

.... 

— 

a 

Ell  (Val  ^  Ala) 

sw 

0.26 

0.1 

26,000 

a,b 

(Val  Phe) 

sw 

0.07 

-0.01 

500,000 

a,b 

(Val  ->  Asn) 

sw 

.... 

-0.01. 

200 

b 

(Val  ^  Ser) 

sw 

.... 

0.1 

800 

b 

(Val  ^  Thr) 

sw 

.... 

<0.01 

7400 

b 

G8  (Ile->Phe) 

sw 

.... 

-0.01. 

330,000 

b 

(lie  ^  Thr) 

sw 

.... 

0.15 

2900 

b 

^  Conditions:  (the  rate  of  autoxidation)  and  k_jj  (the  rate  of  heme  loss)  were  measured 

at  ZTC  and  pH  7.0;  stability  was  measured  at  25®C.  Stability  refers  to  the  overall  stabil¬ 
ity  of  the  apoglobin  (see  Hargrove  et  al.  1994a  for  a  more  exact  definition).  The  higher  the 
number  for  stability,  the  greater  the  stability  of  the  apoglobin. 

^a,  Brantley  et  al.  1993;  b,  Hargrove  et  al.  1994a;  c,  Carver  et  al.  1992;  d,  Hargrove  et  al. 
1994b 

O 

sw=sperm  whale 
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Residue  ElO:  Pig  myoglobin  E10(Thr  — >  Arg)  has  a  slightly  lower  rate  of 
autoxidation  compared  with  the  native  protein.  The  additional  positive 
charge  in  the  heme  pocket  at  a  position  other  than  distal  His  inhibits 
protonation  of  bound  Og  and  oxidation  of  heme  (Brantley  1993).  In 

a  and  p  subunits  of  human  hemoglobin,  the  ElO  residues  are  Lys,  which 
by  this  mechanism  should  already  be  unfavorable  to  oxidation. 

Residue  BIO:  The  mutation  B10(Leu  ->  Phe)  has  a  profound  effect  on 
both  the  rate  of  autoxidation  and  the  O2  affinity  of  myoglobin  (the  rate  of 
autoxidation  decreases  10-fold,  and  Og  affinity  increases  15-fold).  It  ap¬ 
pears  that  by  increasing  the  size  of  the  BIO  residue  and  decreasing  ac¬ 
cess  of  the  heme  pocket  to  HgO,  bound  Og  becomes  stabilized  (Carver  et 
aL  1992).  This  mutant  is  so  stable  that  only  ferrous  myoglobin  was  pro¬ 
duced  in  the  E.  coli  expression  system  reported  by  Carver  et  at.  (1992). 
In  contrast,  when  the  BIO  residue  is  decreased  in  size,  as  in  myoglobin- 
mutants  B10(Leu  Ala)  or  B10(Leu  Val),  oxidation  is  accelerated 
(Brantley  aZ.  1993). 

Hemoglobin  St.  Louis  [pB10(Leu  Gin)]  is  another  natural,  unstable 
hemoglobin  variant  (see  Table  8.1).  The  substitution  of  Gin  for  Leu  ex¬ 
pands  and  increases  the  polarity  of  the  distal  pocket  by  binding  a  HgO 
molecule  between  BlO(Gln)  and  distal  His,  causing  a  high  rate  of  oxida¬ 
tion  of  p  subunits  (Fermi  and  Perutz  1981). 

8.6  Pathways  of  Hemoglobin  Denaturation  Following 
Autoxidation 

8.6.1  Hemichrome  Formation 

Hemichromes  are  low-spin  forms  of  ferric  hemoproteins.  They  form 
spontaneously  when  the  ferric  protein  structure  becomes  distorted,  al¬ 
lowing  the  heme  iron  to  bind  to  the  distal  His  to  make  a  reversible  hemi¬ 
chrome  (see  Figure  8.2)  or,  upon  further  distortion  of  the  globin  struc¬ 
ture,  to  allow  the  heme  iron  to  bind  to  another  endogenous  protein 
residue,  making  an  irreversible,  insoluble  hemichrome.  Compared  with 
mammalian  myoglobins,  mammalian  hemoglobins  have  a  greater  ten¬ 
dency  to  form  hemichromes,  perhaps  because  the  distal  pocket  in  hemo¬ 
globin  is  more  flexible  (Levy,  Alston  and  Rifkind  1984).  As  a  further 
note,  both  native  and  aa-cross-linked  human  hemoglobins  show  a 
greater  propensity  for  hemichrome  formation  in  the  presence  of  bacterial 
endotoxins  (Kaca  et  al.  1995). 
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8.6.2  Oxidation  of  Ferric  Heme 

Ferric  heme  or  hemoproteins  are  oxidized  further  to  a  hypervalency  fer- 
ryl  (Fe^'*')  state  by  H2O2,  apparently  through  a  heterolytic  cleavage  of  the 
peroxide  bond  (Giulivi  and  Davies  1994).  Ferryl  hemoglobin  is  a  highly 
reactive  intermediate  (similar  to  peroxidase  series  compound  II)  that  is 
formed  from  one  of  the  two  oxidizing  equivalents  of  H2O2.  The  second 
oxidizing  equivalent  may  exist  transiently  as  a  porphyrin  radical  that 
can  then  react  quickly  with  a  globin  residue  near  the  heme  group  to  cre¬ 
ate  a  highly  reactive  protein  radical  (see  Figure  8.2).  The  protein  radical 
most  likely  resides  on  an  aromatic  residue,  and  in  sperm  whale  myoglo¬ 
bin,  it  moves  from  one  Tyr  residue  to  another  (Wilks  and  Ortiz  de  Mon- 
tellano  1992). 

Myoglobin  is  converted  to  an  oxidase  when  it  is  treated  with  even  small 
amounts  of  H2O2.  It  has  been  suggested  that  the  interaction  between 
ferryl  heme  and  the  globin  radical  forms  a  modified  globin-heme  adduct 
that  contains  a  more  open  active  site  with  oxidase  activity.  This  leads  to 
further  H2O2  production  and  finally  complete  protein  degradation 
(Osawa  and  Korzekwa  1991).  Hemoglobin,  on  the  other  hand,  does  not 
produce  an  oxidase  when  treated  with  H2O2  (Osawa  et  al.  1993),  but  al¬ 
terations  in  the  protein  structure  introduced  by  a  protein  radical  and/or 
ferryl  heme  may  be  involved  in  hemichrome  formation  (Kindt  et  al. 

1992) . 

Stereochemical  differences  between  unmodified  and  cross-linked  hemo¬ 
globins  alter  their  ability  to  form  or  to  react  with  free  radicals.  For  ex¬ 
ample,  there  is  a  large  distinction  in  the  rate  of  formation  and  stability 
of  ferryl  intermediates  for  native,  aa-cross-linked  or  monosubstituted  P- 
modified  human  hemoglobins  during  enzymatic  oxidation.  aa-Cross- 
linked  hemoglobin  maintains  a  higher  level  of  the  reactive  ferryl  inter¬ 
mediate  (Alayash  et  al.  1992).  Consequently,  these  hemoglobins  show  a 
wide  variation  in  susceptibility  to  further  oxidative  damage  (Osawa  et  al. 

1993) .  Perhaps  because  of  its  relatively  stable  ferryl  intermediate,  cca- 
cr OSS-linked  hemoglobin  is  the  most  susceptible  to  oxidative  damage 
compared  with  these  other  hemoglobins;  it  is  rapidly  and  completely  de¬ 
stroyed  after  treatment  with  excess  H2O2.  Native  hemoglobin  has  inter¬ 
mediate  susceptibility,  and  the  p-modified  hemoglobin  is  the  most  resis¬ 
tant  in  this  series.  These  effects  appear  to  involve  conformational 
differences  that  may  be  unrelated  to  O2  affinity  (Alayash  et  al.  1992). 

In  addition  to  self-destruction,  ferryl  hemoglobin  and  ferryl  myoglobin 
are  capable  of  oxidative  tissue  injury  by  promoting  a  chain  reaction  of 
lipid  peroxidation  (Dix  et  al.  1985,  Cadenas  1989). 
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8.6.3  Heme  Loss 

The  linkage  between  globin  and  heme  is  markedly  weakened  after  oxida¬ 
tion  of  heme  iron  and  some  distortion  in  subunit  structure,  which  may  or 
may  not  be  a  form  of  hemichrome  (see  Figure  8.2).  Estimates  of  the  acti¬ 
vation  energies  of  hemin  dissociation  suggest  that  the  distortion  is  due 
to  local  rather  than  global  protein  unfolding  (Yamamoto  and  La  Mar 
1986). 

Heme-globin  affinity  is  determined  primarily  by  the  rate  of  hemin  disso¬ 
ciation,  and  at  pH  7.0  and  37°C,  hemin  loss  from  hemoglobin  occurs  ap¬ 
proximately  2-3  orders  of  magnitude  faster  than  from  myoglobin  (Har¬ 
grove  et  al.  1994b).  Hemin  loss  from  hemoglobin  dimers  is  faster  than 
from  intact  tetramers  (Benesch  and  Kwong  1990),  and  a  and  p  subunits 
lose  their  hemes  at  different  rates  (Bunn  and  Jandl  1968,  Baneijee  and 
Lhoste  1976).  The  rates  of  hemin  loss  from  oxidized  a  and  P  subunits  at 
37°C  and  pH  7.0  are  0.6  and  7.8  hr*\  respectively,  (Hargrove  et  al. 
1994b);  at  20®C  and  pH  9.0,  the  comparative  rates  are  approximately  0.2 
and  2  hr'^  (Vandegriff  and  Le  Tellier  1994). 

Rates  of  hemin  loss  from  chemically  modified  hemoglobins  fall  into  at 
least  two  classes:  (1)  From  site-specifically  cross-linked  hemoglobins 
(cross-linked  between  either  a  or  p  subunits),  the  rates  are  comparable 
to  those  of  unmodified,  native  human  hemoglobin  (/.e.,  -0.2  and  2  hr'^  at 
20°C  and  pH  9.0).  (2)  From  nonspecifically,  glutaraldehyde-  or 

glycolaldehyde-polymerized  hemoglobins,  the  rates  are  10-fold  higher 
(Vandegriff  and  Le  Tellier  1994).  These  aldehyde  reagents  react  with 
hemoglobin  nondiscriminately,  producing  a  heterogeneous  population  of 
cross-linked  polymers.  A  possible  explanation  for  their  higher  rates  of 
hemin  loss  comes  from  electron  paramagnetic  resonance  and  Mossbauer 
spectroscopic  studies  of  hemoglobin  reacted  with  glutaraldehyde  which 
show  that  the  proximal  His-Fe  bond  is  lengthened  and,  therefore,  weak¬ 
ened  after  polymerization  (Chevalier  et  al.  1990). 

The  faster  rate  of  hemin  loss  from  p  subunits  is  probably  due  to  differ¬ 
ences  between  the  subunits  near  the  proximal  His  bond  or  at  the  CD  cor¬ 
ner.  A  Phe  residue  is  conserved  at  position  CDl  in  all  globins  and  ap¬ 
pears  to  be  critical  for  heme  binding  (Dickerson  and  Geis  1983)  (see 
Figure  8.1).  Replacement  of  Phe  with  smaller  residues  leaves  a  hole  in 
the  heme  pocket  that  destabilizes  heme  binding  and  leads  to  altered  sub¬ 
unit  assembly  and  protein  denaturation  (Honig  et  al.  1990).  Naturally 
occurring  hemoglobins  with  substitutions  at  this  position,  including  he¬ 
moglobins  Hammersmith  pCDKPhe  Ser),  Louisville  pCDKPhe  — > 
Leu),  and  Warsaw  pCDKPhe  -»  Val),  are  unstable  mutants  (see  Table 
8.1).  In  vivo,  these  mutants  are  heme  depleted  and  readily  form  Heinz 
bodies  (Jacob  and  Winterhalter  1970).  In  myoglobin,  mutation  of  the 
CDl  residue  to  either  a  Val  or  He  residue  greatly  accelerates  hemin  loss 
and  decreases  apoglobin  stability  (Hargrove  et  al.  1994a)  (see  Table  8.2). 
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The  rates  of  hemin  loss  for  a  few  natural  hemoglobin  mutants  have  been 
reported  by  Smith  et  al.  (1984).  Hemoglobins  Hammersmith  |3CDl(Phe 
Ser)  and  Koln  pFG5(Val  — >  Met),  which  are  both  unstable,  exhibit  10- 
20  fold  higher  rates  of  hemin  loss  compared  with  native  protein.  Hemo¬ 
globins  St.  Mande  pG4(Asn  Tyr)  and  Hotel  Dieu  pGKAsp  — >  Gly) 
have  substitutions  at  the  ajp2  interface,  and  while  they  are  not  consid¬ 
ered  to  be  unstable,  they  still  exhibit  rates  of  hemin  loss  that  are  3-4-fold 
higher  than  those  of  native  human  hemoglobin.  Hemoglobin  Malmo 
PFG3(His  — >  Gin),  a  stable  mutant,  loses  hemin  at  the  same  rate  as  na¬ 
tive  hemoglobin. 

Rates  of  hemin  loss  from  mutated  hybrid  hemoglobins  in  which  the  dis¬ 
tal  His  in  one  type  of  subunit  is  replaced  by  Gly  suggest  that  hemin  loss 
from  the  native  subunits  is  accelerated  after  hemin  dissociates  from  the 
less  stable  mutant  subunits  (Hargrove  et  al.  1994b). 

Interactions  between  heme  propionates  and  globin  residues  are  impor¬ 
tant  for  stabilizing  bound  heme.  As  already  mentioned,  Lys  residues  at 
position  ElO  of  both  a  and  p  subunits  in  human  hemoglobin  interact 
electrostatically  with  heme-7-propionate  groups.  In  a  subunits.  His  at 
position  CD3  forms  an  additional  hydrogen  bond  with  the  heme-6- 
propionate.  In  p  subunits,  the  CD3  residue  is  Ser,  which  appears  not  to 
interact  (Shaanan  1983)  (see  Figure  8.1).  In  mammalian  myoglobins, 
CD3  is  either  Lys  or  Arg,  and  in  addition  to  interaction  with  the  heme-6- 
propionate,  these  residues  form  a  hydrogen  bonding  network  between 
His  E7,  Thr  ElO,  and  coordinated  water  molecules  in  the  heme  pocket 
(Quillin  et  al.  1993).  In  sperm  whale  myoglobin,  substitution  of  CD3  Arg 
with  Glu  increases  the  rate  of  hemin  loss  by  20-fold  at  pH  7.0  (Hargrove 
et  al.  1994b). 

In  addition  to  electrostatic  contacts,  distal  pocket  residues  provide  im¬ 
portant  steric  contacts  with  the  porphyrin.  Substitution  in  sperm  whale 
myoglobin  of  either  His  E7  or  Val  Ell  with  Ala  increases  the  rate  of  he¬ 
min  loss  by  10-40-fold  at  pH  7.0  (Hargrove  et  al.  1994a), 

So  far,  only  two  mutant  myoglobins  have  been  prepared  that  have  de¬ 
creased  rates  of  hemin  loss  at  pH  7.0.  These  are  B10(Leu  — >  Phe)  and 
ElKVal  Thr).  Ell  Thr  stabilizes  bound  heme  by  forming  an  extra 
hydrogen  bond  with  coordinated  water  (Smerdon  et  al.  1991).  Its  apoglo- 
bin  is  much  less  stable,  however,  and  it  readily  unfolds  once  heme  disso¬ 
ciates.  The  BIO  Phe  apoglobin  is  nearly  as  stable  as  native  myoglobin 
and  is  expressed  in  E.  coli  at  amounts  comparable  to  that  of  the  wild- 
type  protein  (Hargrove  et  al.  1994a).  (See  Table  8.2  for  a  summary  of 
results  with  myoglobin  mutants.) 
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8.6.4  Protein  Unfolding  and  Apoglobin  Stability 

The  most  complete  study  of  the  process  of  denaturation  of  a  hemoprotein 
has  been  made  using  myoglobin  as  a  prototype  (Hughson,  Wright  and 
Baldwin  1990,  Hargrove  et  al.  1994a).  Myoglobin  has  a  folding  pattern 
of  helical  segments  (A-H)  similar  to  that  of  hemoglobin  subunits,  with 
only  minor  differences  (e.g. ,  the  5-residue  D  helix  is  absent  in  a  chains). 
The  same  amino  acid  residues  occur  at  26  positions  along  the  sequences 
of  a  and  p  chains  of  hemoglobin  and  sperm  whale  myoglobin.  Of  these, 
10  are  hydrophobic  residues  that  pack  against  the  heme  (Dickerson  and 
Geis  1983). 

Myoglobin  stability  depends  on  both  tertiary  structure  and  interactions 
of  globin  with  heme.  Once  hemin  is  lost,  protein  unfolding  occurs  in  two 
stages:  (i)  partial  unfolding  to  an  intermediate  molten  globule  stage  and 
(ii)  complete  unfolding  of  helices.  In  the  intermediate  molten  globule 
form,  the  A,  G,  and  H  helices  are  intact,  B  and  E  helices  are  unfolded, 
and  there  is  a  complete  loss  of  the  heme  binding  site  (Hughson,  Wright 
and  Baldwin  1990,  Hargrove  et  al.  1994a).  Hemin  loss  and  apoglobin 
unfolding  are  not  necessarily  correlated,  and  in  general,  expression 
yields  of  recombinant  myoglobins  cannot  be  predicted  by  their  rates  of 
hemin  loss.  (Hargrove  et  al.  1994a). 

Increasing  the  polarity  of  heme  pocket  residues  at  positions  BIO,  Ell,  or 
G8  destabilizes  tertiary  structure,  promotes  globin  unfolding,  and  inhib¬ 
its  expression  (Hargrove  et  al.  1994a).  However,  these  effects  are  inde¬ 
pendent  of  the  stability  of  the  heme-globin  linkages:  B10(Leu  — >  Asn), 
ElKVal  -»  Ser),  and  G8(Ile  Thr)  have  10-15-fold  higher  rates  of  he¬ 
min  loss,  Ell(Val  Asn)  has  a  normal  rate  of  hemin  loss,  and  Ell(Val 
Thr)  has  a  lower  rate  of  hemin  loss,  and  yet,  all  of  these  sperm  whale 
mutant  apomyoglobins  are  unstable.  Conversely,  increasing  the  hydro- 
phobicity  of  the  distal  pocket  stabilizes  apomyoglobin.  Introduction  of  a 
Phe  residue  at  positions  Ell  or  G8  increases  apomyoglobin  stability  and 
has  little  effect  on  rates  of  hemin  loss.  Phe  or  Leu  at  distal  position  E7 
also  stabilizes  apomyoglobin  but  at  the  expense  of  heme  stability  and 
function  (Hargrove  et  al.  1994a)  (see  Table  8.2). 

The  stability  of  apomyoglobins  is  also  species  dependent  (see  Table  8.2). 
Pig  and  human  apomyoglobins  are  less  stable  than  sperm  whale  apo¬ 
myoglobin  even  though  their  rates  of  hemin  loss  are  similar  at  pH  7.0 
(Hargrove  et  dl.  1994a).  The  reasons  for  these  differences  are  not  yet 
fully  understood. 

8.6.4. 1  Expressionof  Recombinant  Hemoglobins 

Stability  of  heme  binding  and  protein  folding  are  important  not  just  for 
potential  toxicities  of  hemoproteins  or  for  long-term  storage  but  also  for 
the  expression  3delds  of  recombinant  hemoglobins.  Globins  expressed  in 
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nonfusion  E.  coli  systems  retain  an  extra  methionine  at  the  N-terminus 
due  to  insufficient  post-translational  processing  (Hoffman  et  al.  1990, 
Heman  et  al.  1992).  The  extra  methionine  alters  the  N-terminal  confor¬ 
mation  of  hemoglobin  (Kavanaugh,  Rogers  and  Arnone  1992),  and  in 
myoglobin,  it  decreases  the  stability  of  wild-type  protein  moderately 
(Hargrove  et  al.  1994a)  (see  Table  8.2). 

To  process  the  N-terminal  methionine  of  recombinant  hemoglobin  ex¬ 
pressed  in  E.  coli,  Shen  et  al.  (1993)  constructed  a  plasmid  in  which  hu¬ 
man  a  and  p  globins  are  co-expressed  with  the  E.  coli  methionine  amino- 
peptidase  gene.  This  expression  system  produces  a  recombinant 
hemoglobin  that  is  identical  to  that  of  native  human  hemoglobin  in  high 
yield  but  with  some  altered  (probably  inverted)  p-subunit  heme  confor¬ 
mation.  Shen  et  al.  were  able  to  correct  the  altered  conformational  form 
by  oxidizing  the  recombinant  hemoglobin  and  then  reducing  it  back  to 
the  Fe^'*'  state,  perhaps  by  allowing  the  hemin  to  dissociate  and  then  re¬ 
orient  in  the  proper  conformation. 


8.7  Heme  Toxicity  and  Catabolism 

Free  heme  is  highly  lipophilic  and  in  the  absence  of  heme-binding  pro¬ 
teins,  partitions  into  cellular  membranes  by  intercalating  between  leci¬ 
thin  acyl  chains  (see  Figure  8.2).  The  major  barrier  to  heme  transloca¬ 
tion  across  the  membrane  is  movement  of  the  charged  propionate  groups 
through  the  apolar  region  of  the  bilayer  (Light  and  Olson  1990). 

8.7.1  Fenton  Chemistry 

Heme-induced  membrane  damage  occurs  by  catalysis  of  peroxidation  re¬ 
actions  with  unsaturated  lipids.  Iron  as  either  free  iron  or  in  heme  cata¬ 
lyzes  the  Haber-Weiss  reaction  (Haber  and  Weiss  1934): 

(5)  02"'  +  H2O2  ^02  +  -OH’  +  -OH 

The  overall  mechanism  for  this  reaction  includes  the  Fenton  reaction 
(Eq.  6)  in  which  interaction  between  Fe^^  and  H2O2  creates  a  homol5d;ic 
cleavage  of  the  peroxide  bond  to  produce  Fe^"^  and  the  hydroxyl  radical 
(•OH)  (see  Figure  8.2): 

(6)  Fe^-^  +  H2O2  Fe^^  +  -OH’  +  -OH 

In  the  presence  of  superoxide,  Fe^***  is  reduced  back  to  Fe^"^  (Eq.  7),  creat¬ 
ing  a  highly  reactive  catalytic  cycle: 

(7)  Fe^-"  +  02’  •  ^  Fe^^  +  O2 

It  is  not  clear  whether  ferrous  iron  in  the  hemoglobin  molecule  can  act  as 
a  Fenton  reagent  (Puppo  and  Halliwell  1988,  Sadrzadeh  et  al.  1984),  but 
even  if  it  does,  the  highly  reactive  -OH  formed  at  the  iron  center  would 
most  likely  react  with  nearby  protein  residues  rather  than  escape  to  the 
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solvent  to  oxidize  lipids.  Using  sickle  cell  ghost  membranes  as  a  model 
system,  Repka  and  Hebbel  (1991)  have  shown  that  three  iron  compart¬ 
ments  are  capable  of  acting  as  catalysts  of  the  Fenton  reaction:  (i)  pre¬ 
existing  free  iron,  (ii)  free  iron  released  from  hemoglobin  by  oxidative 
stress,  and  (iii)  an  iron  compartment  that  is  not  chelatable  by  deferox¬ 
amine.  This  latter,  unchelatable  component  is  probably  free  heme. 

In  vitrOj  unmodified  hemoglobin  promotes  the  formation  of  species  that 
are  equivalent  in  reactivity  to  -OH  (Sadrzadeh  et  al.  1984).  In  vivo,  the 
presence  of  hemoglobin  increases  oxidative  injury  in  tissues  of  the  cen¬ 
tral  nervous  system  (Sadrzadeh  et  al.  1984),  the  kidney  (Paller  1988), 
and  the  lungs  (Seibert  et  al.  1991).  Nevertheless,  in  both  situations,  it  is 
probably  iron  or  heme  released  from  hemoglobin  by  oxidant  stress  that 
promotes  the  damage  (Gutteridge  1986,  Puppo  and  Halliwell  1988). 

When  heme  is  bound  to  haptoglobin  or  to  hemopexin,  it  is  prevented 
from  participating  in  peroxidative  catalysis,  but  when  bound  to  albumin, 
it  retains  about  half  of  its  catal3d;ic  activity  (Muller-Eberhard  and  Nik- 
kila  1989).  The  effect  of  cell-free,  hemoglobin-based  blood  substitutes  on 
these  plasma  proteins  is  still  not  well  established.  If  they  are  saturated 
by  acellular  hemoglobin-based  products,  their  protective  effects  will  be 
lost.  However,  hemoglobin  modified  by  cross-linking  between  a  subunits 
does  not  quench  haptoglobin  fluorescence,  suggesting  that  since  it  can¬ 
not  dissociate,  it  cannot  bind  haptoglobin  (Panter  et  al.  1994). 

8. 7.2  Effects  of  Heme  on  Endothelial  Cells 

In  the  presence  of  hemin,  cultured  endothelial  cells  become  acutely  sus¬ 
ceptible  to  oxidant  damage  from  activated  inflammatory  cells  or  soluble 
H2O2.  Tin-substituted  protoporphyrin  or  protoporphyrin  minus  the  iron 
does  not  promote  cellular  damage.  Thus,  iron  is  necessary  for  the  injury 
(Balia  1991). 

HgOg-mediated  endothelial  cytotoxicity  occurs  after  acute  exposure  to 
ferric  but  not  to  ferrous  hemoglobin,  suggesting  that  release  of  hemin  is 
the  causative  factor  (Balia  et  al.  1993).  There  is  a  correlation  between 
the  rates  of  hemoglobin  autoxidation  and  the  levels  of  heme  uptake  and 
damage  to  cultured  endothelial  cells  (Motterlini  et  al.  1995).  With  aa- 
cross-linked  hemoglobin,  both  hemin  loss  and  the  production  of  free  radi¬ 
cal  species  are  probably  involved  in  cytotoxicity,  because  deferoxamine, 
an  iron  chelator  and  hydroxyl  ion  scavenger,  limits  cellular  damage.  In 
contrast,  deferoxamine  has  no  effect  on  the  cytotoxicity  induced  by  na¬ 
tive  hemoglobin,  so  that  in  this  case,  heme  alone  may  be  damaging  (Mot¬ 
terlini  c^aZ.  1995). 

It  is  interesting  that  chronic  exposure  of  endothelium  to  hemin  or  to 
methemoglobin  brings  about  a  protective  response  against  further  oxi¬ 
dant  stress.  This  occurs  due  to  a  rapid  rise  in  cellular  levels  of  heme 


122 


K.D.  Vandegriff 


oxygenase  mRNA  and  a  subsequent  increase  in  cellular  levels  of  ferritin, 
an  iron  sequestration  protein  (Balia  et  al.  1992,  Balia  et  al,  1993). 

8.7.3  Heme  Catabolism  by  Heme  Oxygenase 

Heme  oxygenase  is  a  microsomal  enzyme  that  catalyzes  the  rate-limiting 
step  in  heme  catabolism  in  concert  with  NADPH-cytochrome  P-450  re¬ 
ductase.  Heme  oxygenase  is  not  itself  a  hemoprotein  but  becomes  a 
transitory  one  after  binding  its  substrate,  heme,  in  a  1:1  molar  ratio. 
Before  metabolism,  heme  oxygenase-bound  ferric  heme  is  reduced  by 
NADPH  so  that  it  binds  Og.  Further  reducing  equivalents  from  NADPH 
convert  the  bound  heme-02  complex  to  an  a-hydroxyheme  and,  ulti¬ 
mately,  to  biliverdin.  In  the  process,  an  a-methene  carbon  bridge  is 
eliminated  as  CO,  and  iron  is  released  (see  Figure  8,2).  In  total,  three 
molecules  of  oxygen  and  six  reducing  equivalents  are  required  to  de¬ 
grade  one  molecule  of  heme.  In  mammals,  biliverdin  is  converted  to  bili¬ 
rubin  by  the  enz5nne  biliverdin  reductase  (Abraham  et  al.  1988,  Maines 
1988). 

8.7.3. 1  The  Role  of  Heme  Oxygenase  in  Cytoprotection 

Expression  of  heme  oxygenase  occurs  in  response  to  stress  in  cultured 
human  and  mammalian  cell  lines  (Applegate,  Luscher  and  Tyrrell  1991). 
It  is  now  believed  that  heme  oxygenase  has  an  important  secondary  role 
to  that  of  heme  catabolism  as  a  heat  shock  protein  (hsp)  to  protect 
against  oxidative  damage  (Maines  1988,  Keyse  and  Tyrrell  1989).  Two 
isozymes  of  heme  oxygenase,  HO-1  and  HO-2,  have  been  identified  that 
are  the  products  of  different  genes  with  separate  mechanisms  of  regula¬ 
tion  (Maines  1988).  HO-1,  which  is  hsp32,  is  induced  by  its  substrate 
hemin  (Stocker,  Glazer  and  Ames  1987a),  heat  shock  (Shibahara,  Muller 
and  Taguchi  1987),  heavy  metals  (Maines  and  Kappas  1974),  ultraviolet 
(UV)  radiation  and  oxidative  stress,  (Keyse  and  Tyrrell  1989),  and  possi¬ 
bly  during  renal  ischemia  (see  Maines  et  al.  1993  and  Paller,  Nath  and 
Rosenberg  1993  for  opposing  results).  In  rats,  mild  restraint  or  surgical 
stress  induces  hsp's  (Udelsman,  Blake  and  Holbrook  1991,  Udelsman  et 
al.  1993),  and  24-48  hours  after  surgery  to  implant  catheters  in  Sprague- 
Dawley  rats,  levels  of  hepatic  heme  oxygenase  activity  are  significantly 
increased  (Motterlini  et  al. ,  unpublished  data). 

Three  possible  roles  for  the  cytoprotective  effects  of  heme  oxygenase 
have  been  proposed:  (i)  Iron  released  during  heme  catabolism  induces 
the  production  of  ferritin  (see  Figure  8.2),  decreasing  the  level  of  intra¬ 
cellular  free  iron  that  can  be  involved  in  iron-catalyzed  free  radical  reac¬ 
tions  (Vile  and  Tyrrell  1993,  Eisenstein  et  al.  1991).  (ii)  Heme  oxygenase 
rids  the  cell  of  high  concentrations  of  free  heme,  which  has  pro-oxidant 
activity  through  its  participation  in  the  Fenton  reaction.  During  sus¬ 
tained  oxidant  stress,  catabolism  of  excess  heme  should  restrict  genera- 
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tion  of  hydroxyl  radical  and  ferryl  species,  (iii)  Bile  reaction  products  of 
heme  catabolism  (j.e.,  bilirubin)  have  strong  antioxidant  properties  be¬ 
cause  they  are  scavengers  of  reactive  oxygen  metabolites  (Stocker  et  al. 
1987b). 

The  more  direct  roles  of  heme  oxygenase  in  cytoprotection  outlined  in  (ii) 
and  (iii)  above  have  not  been  proved.  Even  though  cultured  aortic  endo¬ 
thelial  cells  pretreated  with  hemin  (Balia  et  al.  1992)  or  human  skin  fi¬ 
broblasts  pre-iiradiated  with  UV-A  radiation  (Vile  et  al.  1994)  become 
resistant  to  further  oxidative  injury,  the  induction  of  ferritin  in  response 
to  enhanced  heme  oxygenase  activity  is  probably  the  major  protective 
route  through  its  depletion  of  labile  pools  of  free  iron.  In  a  human  breast 
cancer  cell  line  exposed  to  cellular  oxidants,  heme  oxygenase  and  biliru¬ 
bin  production  alone  could  not  constitute  an  antioxidant  defense  (Nutter, 
Sierra  and  Ngo  1994). 

8. 7.3.2  Regulation  of  Blood  Pressure  by  Heme  Oxygenase  Activity 

An  important  hemodynamic  role  of  heme  oxygenase  has  recently  come  to 
light.  In  spontaneously  hypertensive  rats,  there  is  an  inverse  relation  in 
the  levels  of  heme  oxygenase  and  cytochrome  P-450  arachidonate  hy¬ 
droxylase,  a  heme  protein  that  catalyzes  the  conversion  of  arachidonic 
acid  to  vasoactive  metabolites  (Da  Silva  et  al.  1994).  When  the  renal 
HO-1  gene  is  activated  in  this  model  by  treatment  with  SnClg,  an  eleva¬ 
tion  in  heme  oxygenase  activity  occurs,  cytochrome  P-450  hydroxylase 
activity  decreases,  and  blood  pressure  drops.  The  C3d:oplasmic  level  of 
active  cytochrome  P-450  is  theorized  to  be  regulated  by  the  availability 
of  intracellular  heme,  and  the  degradation  of  hepatic  cytochrome  P-450 
by  heme  oxygenase  has  been  demonstrated  directly  in  rats  (Kutty  et  al. 
1988).  Thus,  increased  heme  oxygenase  activity  may  have  a  negative  ef¬ 
fect  on  cytochrome  P-450  activity,  possibly  leading  to  a  decline  in  blood 
pressure. 

Observations  in  rats  exchanged  transfused  with  aa-cross-linked  hemo¬ 
globin  are  consistent  with  this  theory.  Preliminary  experiments  at 
UCSD  show  that  the  onset  of  the  hypertensive  response  to  aa-cross- 
linked  hemoglobin  depends  on  the  time  after  surgery  that  the  exchange 
transfusion  is  performed.  At  1.5-hours  or  7-days  post-surgery,  signifi¬ 
cant  increases  in  mean  arterial  pressure  are  observed  upon  50%  ex¬ 
change  transfusion,  but  at  24-hours  post-surgery,  blood  pressure  re¬ 
mains  constant  (Motterlini  et  al.,  unpublished  data).  These  results 
correlate  well  with  time  courses  of  heme  oxygenase  synthesis  and  activ¬ 
ity.  In  aortic  endothelium  exposed  to  hemin,  the  level  of  heme  oxygen¬ 
ase  mRNA  rises  between  2-  and  4-hours  post-exposure  (Balia  et  al. 
1992),  and  after  surgery  in  rats,  heme  oxygenase  levels  are  increased  at 
24  and  48  hours  but  return  to  normal  after  4  days  (Motterlini  et  al. ,  un¬ 
published  data). 
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The  possibility  exists  that  the  high  level  of  heme  oxygenase  activity  at 
24-hours  post-surgery  inhibits  an  increase  in  blood  pressure.  This  effect 
is  not  observed  at  either  1.5-hours  or  7-days  post-surgery,  because  hypo¬ 
thetically,  at  the  earlier  time,  significant  heme  oxygenase  transcription 
has  not  occurred,  and  at  the  later  time,  heme  oxygenase  levels  have  in¬ 
creased  and  returned  to  normal.  Whether  this  interpretation  is  valid  is 
still  open  to  study,  but  clearly,  the  role  of  heme  oxygenase  as  a  stress- 
response  protein  raises  new  questions  about  the  interpretation  of  hemo¬ 
dynamic  data. 


8.8  Conclusions  and  Summary 

The  application  of  hemoglobin-based  blood  substitute  products  creates  a 
situation  in  which  large  amounts  of  modified  hemoproteins  are  intro¬ 
duced  free  into  the  circulation.  In  the  absence  of  red  cell  reductive  and 
antioxidant  systems,  there  is  little  protection  against  oxidative  by¬ 
products  of  hemoglobin  denaturation.  Oxidative  reaction  intermediates 
and  heme  loss  present  a  catalytic  environment  for  membrane  damage 
through  the  peroxidation  of  lipids  and  proteins,  and  acute  exposure  of 
endothelial  cells  to  methemoglobin  or  free  hemin  is  C5d:otoxic.  Thus,  in¬ 
hibiting  autoxidation  becomes  a  primary  strategy  in  the  design  of  blood 
substitutes. 

Strategies  to  combat  denaturation  of  hemoglobin-based  products  are 
evolving.  Site-directed  mutagenesis  is  a  particularly  effective  tool  for  en¬ 
gineering  hemoglobin  because  it  allows  fine-tuning  of  protein  function 
and  stability.  At  this  point,  myoglobin  has  provided  a  simple  prototype 
for  these  experiments,  and  probably  not  surprising,  only  a  few  myoglobin 
mutants  have  been  prepared  to  date  that  are  promising  in  terms  of  sta¬ 
bility  {e.g. ,  low  rates  of  autoxidation  and  hemin  loss  and  improved  or  un¬ 
changed  stability  of  the  apoglobin).  These  are  B10(Leu  — >  Phe),  which 
has  a  10-fold  lower  rate  of  autoxidation,  a  small  decrease  in  the  rate  of 
hemin  loss,  and  only  a  slight  decrease  in  stability  of  the  apoprotein,  and 
Ell(Val  — >  Phe),  which  has  a  slightly  higher  rate  of  autoxidation,  no 
change  in  the  rate  of  hemin  dissociation,  and  a  large  increase  in  stability 
of  the  apoprotein.  Compared  with  native  sperm  whale  myoglobin,  the  O2 
affinity  of  the  BIO  mutant  is  20-fold  higher,  and  the  O2  affinity  of  the  E7 
mutant  is  slightly  lower.  It  is  still  not  clear  whether  lower  O2  affinities, 
lower  rates  of  autoxidation,  lower  rates  of  hemin  loss,  or  greater  stability 
of  the  apoprotein  should  be  favored  in  the  design  of  a  blood  substitute, 
but  it  is  highly  likely  that  multiple  mutations  will  be  necessary  to 
achieve  the  final  desired  properties,  once  they  are  defined. 

It  is  generally  believed  that  the  O2  affinity  of  a  hemoglobin-based  red 
cell  substitute  should  be  similar  to  that  of  red  blood  cells  for  adequate  O2 
delivery  to  tissue.  However,  there  is  really  little  evidence  to  support  this 
assumption.  Considering  the  strong  correlation  between  O2  affinity  and 
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the  rate  of  autoxidation,  reappraisal  of  an  optimal  P50  is  in  order.  There 
may  be  little  advantage  in  enhancing  Og  off-loading  if,  in  parallel,  hemo¬ 
globin  denaturation  and  oxidative  damage  are  accelerated.  There  is  the 
additional  paradox  in  that  hemin  exposure  to  endothelium  creates  a 
long-term  cytoprotective  response,  although,  whether  this  protection  of¬ 
fers  an  advantage  after  acute  injury  has  occurred  is  debatable. 
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9.1  Introduction 

The  utility  of  cross-linked  hemoglobin  (Hgb)  solutions  has  been  predicted 
to  be  limited  in  part  by  potential  renal  toxicity  and  consequent  renal 
dysfunction  (Hess  et  al.  1989,  Keipert  and  Chang  1987,  Messmer  1978, 
Snyder  et  al.  1987).  However,  this  concern  has  been  based  upon  models 
and  assumptions  that  may  not  be  entirely  pertinent  since  direct  studies 
have  not  as  yet  been  performed  in  both  euvolemic  and  hypovolemic  mod¬ 
els  pertinent  to  the  utility  of  red  cell  substitutes.  Some  of  the  potential 
concerns  that  have  been  voiced  in  the  literature  are  as  follows: 

1.  Filtered  Hgb  products  may  result  in  tubular  damage  analogous  to 
the  clinical  syndrome  of  rhabdomyolysis  in  which  myoglobin  is  filtered  at 
the  glomerulus  along  with  other  cellular  products  (Fischereder,  Trick 
and  Nath  1994).  Obviously,  the  clinical  settings  are  somewhat  different. 
It  has  been  demonstrated  that  rhabdomyolysis  is  a  form  of  acute  renal 
failure  which  is  associated  with  distal  tubular  obstruction  and  some 
proximal  tubular  damage,  both  events  not  necessarily  by  the  myoglobin 
per  se.  There  are  some  recent  data,  however,  that  do  suggest  that  the 
endothelial  derived  nitric  oxide  system  is  significantly  perturbed  in 
rhabdomyolysis  in  that  arginine  levels  decrease  and  that  the  syndrome 
is  ameliorated,  in  part,  by  providing  arginine,  suggesting  that  myoglobin 
may  consume  nitric  oxide  leading  to  renal  vasoconstriction  (Brezis  et  al. 
1991). 
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2.  Hemoglobin  by  interaction  with  endothelium  or  other  circulating 
monocyte  macrophage  systems  may  activate  a  variety  of  c5i;okines  and 
elaborate  materials  which  cause  tissue  damage,  i.e,,  TNF  or  other 
cytokines  (Lieberthal  et  al.  1987,  Xia  et  al.  1993). 

3.  The  fact  that  Hgb  binds  nitric  oxide  may  lead  to  renal  vasoconstric¬ 
tion  to  the  degree  that  nitric  oxide  serves  as  a  counter-balancing 
vasodilatory  influence  within  the  kidney,  or  alternatively,  that  free  Hgb 
may  somehow  enhance  the  activity  of  other  major  vasoconstrictor  sys¬ 
tems,  Le.,  adrenergic  and/or  angiotensin  II  (Nishi  et  al.  1994,  Gabbai  et 
al  1993). 

4.  Extracellular  Hgb  and/or  the  liberation  of  heme  and  free  iron  may 
somehow  enhance  the  formation  of  reactive  oxygen  species  (Paller  and 
Nath  1991). 

5.  Acute  renal  failure  may  be  the  consequence  of  a  more  generalized 
process  affecting  the  kidney  only  secondarily  as  part  of  this  overall  proc- 


Information  will  be  presented  which,  in  part,  auiswers  some  of  these  con¬ 
cerns.  Prior  to  these  specific  retorts,  some  background  information  is  re¬ 
quired  on  the  specific,  unique  characteristics  expressed  in  the  kidney. 


9.2  Oxygen  Environment  Within  The  Kidney 

It  is  assumed  that  many  forms  of  acute  renal  failure  derived  from  the 
consequences  of  ischemia  or  at  least  relative  oxygen  and  substrate  defi¬ 
ciency  related  to  the  demands  of  the  organ.  The  kidney  is  the  most  effi¬ 
cient  autoregulatory  organ  in  the  body  and  regulates  blood  flow  across 
wide  ranges  of  systemic  blood  pressure,  utilizing  both  myogenic  and 
tubuloglomerular  feedback  systems,  the  latter  of  which  relates 
reabsorption  to  filtration  rate  (Thurau  and  Schnermann  1965,  Thomson 
and  Blantz  1993).  Blood  flow  to  the  kidneys  constitutes  up  to  20%  of  car¬ 
diac  output,  providing  the  kidney  the  highest  flow  per  gram  of  tissue  of 
any  organ.  However,  this  large  supply  of  renal  blood  flow  is  not  neces¬ 
sary  for  large  substrate  and  oxygen  requirements  but  rather  related  to 
the  fact  that  the  kidney  is  an  organ  that  produces  approximately  150  li¬ 
ters  of  protein-free  ultrafiltrate  each  day  (Smith  1937).  The  major  oxy¬ 
gen  requirements  of  the  kidney  are  linked  to  reabsorption,  and  oxygen 
consumption  relates  directly  to  NaCl  transport.  If  filtration  is  prevented, 
oxygen  demands  decrease  precipitously,  therefore,  ischemia  and  sub¬ 
strate  deficiency  in  the  kidney  should  be  defined  in  terms  of  its  normal 
workload  (filtration  rate  and  reabsorption  is  normal  or  near  normal). 

The  arteriovenous  oxygen  difference  in  the  kidney  is  very  small,  suggest¬ 
ing  that  oxygen  requirements  of  the  kidney  are  relatively  modest  com¬ 
pared  to  oxygen  supply.  It  has  been  estimated  that  only  5%  of  normal 
oxygen  delivery  is  required  to  prevent  ischemia,  but  these  are  under  con- 
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ditions  in  which  glomerular  filtration  no  longer  occurs,  therefore,  reab- 
sorptive  demands  are  minimal. 

The  fact  that  there  is  a  low  A-V02  difference  in  the  kidney  might  suggest 
indirectly  that  the  intrarenal  oxygen  environment  is  quite  rich.  In  fact, 
recent  studies  have  suggested  that  this  is  not  the  case.  The  density  of 
vessels  in  the  kidney  is  quite  high  with  each  glomerulus  exhibiting  con¬ 
tinuous  flow  and  arteriolar  and  venular  structure  closely  packed  (Smith 
1937).  Recent  investigations  using  POg  electrodes  implanted  within  the 
kidney  cortex  and  medulla  have  defined  the  local  POg  and  PCO2  (Brezis 
et  al,  1991,  Schurek  et  al.  1990,  Schurek  and  Johns  1990).  The  PCO2  in 
the  cortex  is  on  the  order  of  60-65  mm  Hg,  primarily  as  a  consequence  of 
the  high  rate  of  proton  secretion  required  for  bicarbonate  reabsorption. 
The  PCO2  in  the  medulla  is  much  lower  since  a  lesser  rate  of  acidifica¬ 
tion  proton  secretion  occurs  within  this  region.  Alternatively,  the  PO2  in 
the  cortex  remains  much  lower  than  arterial  PO2  at  approximately  60-65 
mm  Hg.  Studies  by  Schurek  et  al.  utilizing  POg  electrodes  demonstrate 
that  when  arterial  PO2  is  raised  to  550  mm  Hg,  the  cortical  POg  remains 
in  the  range  of  60-65  mm  Hg  (Schurek  et  al.  1990).  The  PO2  in  the  outer 
medulla  is  even  lower  and  appears  to  be  sensitive  to  variations  in  flow, 
exhibiting  values  of  PO2  from  25  mm  to  38  mm  Hg  (Brezis  et  al.  1991). 
These  latter  results  suggest  that  the  outer  medulla  provides  a  zone  of 
borderline  hypoxia,  suggesting  that  much  of  the  ATP  generated  for 
transport  functions  might  be  anaerobic  of  glycolytic  in  origin  rather  than 
through  normal,  highly  efficient  aerobic  mechanisms.  These  PO2  values 
oscillate  within  their  ranges,  corresponding  to  the  frequency  of  altera¬ 
tions  in  pressure  and  flow  within  tubular  structures,  suggesting  that 
PO2  oscillations  reflect  variations  in  flow-dependent,  solute  or  NaCl- 
NaHCOg  transport  (Schurek  and  Johns  1990). 

How  does  the  PO2  remain  so  low  with  the  cortex  and  medulla  of  the  kid¬ 
ney  in  spite  of  high  values  for  systemic  arterial  PO2?  This  is  due  in  part 
to  a  countercurrent  exchange  mechanism  which  derives  from  the  fact 
that  arteriolar  and  venular  capillaries  are  densely  packed  within  the 
kidney,  promoting  a  preglomerular  oxygen  diffusion  shunt  among  incom¬ 
ing  and  outgoing  vessels,  maintaining  the  cortex  and  medulla  of  the  kid¬ 
ney  at  a  relatively  constant  but  relatively  h3q)oxic  condition  (Schurek  et 
al.  1990).  Therefore,  the  A-V02  difference  in  the  kidney  is  quite  low,  and 
one  might  expect  that  variations  in  the  oxygen  and  substrate  delivery 
and/or  transport  demand  could  place  the  kidney  under  conditions  of  bor¬ 
derline  ischemia,  such  that  the  form  and  magnitude  of  oxygen  delivery 
could  be  critical  to  renal  function. 
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9.3  Experimental  Studies 

9.3. 1  Interactions  of  Cross-linked  Hemoglobins  and  the  Kidney  -  Studies 
in  the  Isolated  Perfused  Organ 

Comments  will  be  confined  to  interactions  between  cross-linked  hemo¬ 
globin  solutions  and  the  kidney.  Most  of  these  studies  have  been  per¬ 
formed  in  the  cell-free,  isolated  perfused  kidney  which  exhibits  a  rather 
high  rate  of  renal  plasma  flow  at  normal  perfusion  pressures  of  approxi¬ 
mately  30  ml/min,  approximately  ten  fold  above  the  normal  for  plasma 
flow  rate  (Lieberthal  et  al.  1987,  Gabbai  et  al.  1994).  This  is  primarily 
the  consequence  of  very  low  renal  vascular  resistances,  in  part,  related 
to  high  shear  rate  dependent  rates  of  nitric  oxide  generation  as  well  as 
the  absence  of  the  rheologic  and  NO  inactivating  properties  of  red  blood 
cells.  We  demonstrated  in  the  isolated  perfused  kidney  that  the  low  vas¬ 
cular  resistances  were  not  entirely  the  result  of  nitric  oxide  production 
since  large  doses  of  L-NMMA,  a  competitive  inhibitor  of  nitric  oxide  syn¬ 
thase,  does  not  normalize  renal  vascular  resistance  and  flow  (Gabbai  et 
al.  1993).  L-NMMA  only  decreases  flow  by  approximately  20%.  When 
one  adds  red  blood  cells  at  a  normal  hematocrit  of  40%,  renal  plasma 
flow  approaches  normal  at  -4-6  ml/min,  and  with  red  cells  added  the  fil¬ 
tration  fraction  of  the  kidney  approaches  normal  at  approximately  20%, 
suggesting  that  red  cells  alone  supply  some  element,  possibly  beyond  the 
rheologic  properties  of  red  cells,  that  may  increase  renal  vascular  resis¬ 
tance  beyond  consumption  of  nitric  oxide  (Gabbai  et  al.  1994). 

However,  we  have  performed  studies  that  suggest  that  the  addition  of 
Hgb  (in  0.5g%  increments)  does  jdeld  increases  in  renal  vascular  resis¬ 
tance,  utilizing  cross-linked  DBBF  Hgb  (Blantz  et  al.  submitted  1994, 
Blantz,  Peterson  and  Winslow  1992).  In  the  cell-free,  isolated  perfused 
kidney  preparation  at  3g%,  renal  plasma  flow  rate  decreases  by  approxi¬ 
mately  20%  which  is  comparable  to  values  observed  with  the  administra¬ 
tion  of  L-NMMA,  suggesting  that  nitric  oxide  consumption  does  increase 
renal  vascular  resistance  in  this  preparation,  and  that  the  difference 
supplied  by  red  cells  is  not  totally  the  consequence  of  nitric  oxide  con¬ 
sumption.  Alternatively,  cyanomethemoglobin,  a  hemoglobin  that  does 
not  acutely  bind  and  inactivate  nitric  oxide,  exerts  no  effects  at  3g%  on 
renal  vascular  resistance  and  flow  in  the  isolated,  cell-free  perfused  or¬ 
gan  (Blantz  et  al.  submitted  1994). 

In  addition  to  nitric  oxide  consumption  and  inactivation  by  cross-linked 
Hgb,  Lieberthal  and  colleagues  have  suggested  that  thromboxane  gen¬ 
eration  might  contribute  to  the  vasoconstriction  in  the  isolated  perfused 
kidney  (Lieberthal,  LaRaia  and  Valeri  1992).  Both  stroma-ffee  and 
cross-linked  Hgb  decrease  renal  plasma  flow  and  GFR.  Approximately 
50%  of  this  vasoconstriction  can  be  ameliorated  by  thromboxane  syn¬ 
thase  and  receptor  blockers.  The  exact  origin  of  increased  thromboxane 
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generation  was  not  known  but  it  might  suggest  that  cross-linked  Hgb  in¬ 
teraction  with  the  endothelium  may  be  critical  to  this  event.  More  re¬ 
cent  studies  by  Nishi  and  coworkers  in  the  isolated  perfused  kidney 
preparation  have  examined  the  effects  of  L-NMMA  and  free  Hgb  on  the 
reactivity  of  the  isolated  perfused  kidney  to  both  vasodilators  and  vaso¬ 
constrictors  (Nishi  et  al,  1994).  L-NMMA  surprisingly  produced  very  lit¬ 
tle  modification  of  the  effects  of  the  vasoconstrictors  angiotensin  II  and 
norepinephrine.  However,  cross-linked  Hgb  greatly  magnified  the  ef¬ 
fects  of  both  angiotensin  II  and  adrenergic  agonists,  suggesting  that  the 
effects  of  Hgb  on  the  isolated  perfused  kidney  cannot  be  attributed  en¬ 
tirely  to  diminished  nitric  oxide  activity  and  that  Hgb,  by  mechanisms 
unknown,  enhance  the  effect  of  a  variety  of  naturally  occurring  vasocon¬ 
strictors.  Given  these  observations  in  the  isolated  organ  it  would  sug¬ 
gest  that  vascular  resistance  alterations  upon  exposure  to  cross-linked 
Hgb  in  the  plasma  are  only  partially  a  consequence  of  nitric  oxide 
inactivation,  and  that  free  Hgb  may  exert  independent  effects  upon  vas¬ 
cular  resistance.  However,  it  should  be  recalled  that  these  in  vitro  stud¬ 
ies  are  short  term  in  nature,  usually  terminating  within  60-90  minutes, 
and  may  not  be  pertinent  to  the  systemic  effects  of  exposure  to  large  vol¬ 
ume  cross-linked  Hgb. 

9.3.2  Studies  Utilizing  Large  Volume  Hgb  Isovolemic  Exchange  Studies 
in  the  Awake  Animal 

We  have  utilized  the  chronically  catheterized  rat  preparation  for  a  vari¬ 
ety  of  pathophysiologic  studies  in  the  past  and  have  recently  applied  this 
model  to  determine  how  well  50%  isovolemic  cross-linked  Hgb  exchange 
is  tolerated  in  the  awake  animal  and  whether  renal  dysfunction  is  ob¬ 
served  (Blantz  et  al.  submitted  1994,  Blantz,  Peterson  and  Winslow 
1992).  The  advantages  of  this  preparation  are  that  it  does  not  require 
anesthesia  and  the  stress  of  surgical  preparation  is  distant  from  the 
event.  The  animals  are  prepared  for  surgery  at  least  a  week  prior  to  the 
initiation  of  the  experiment  and  are  trained  to  sit  quietly  in  a  non 
stressed  condition.  After  control  observations  of  mean  arterial  pressure, 
GFR  and  renal  plasma  flow,  animals  were  submitted  to  50%  isovolemic 
exchange  with  cross-linked  Hgb  solutions  at  7g%  concentration.  In  addi¬ 
tion,  we  also  examined  the  effects  of  isovolemic  exchange  with  albumin 
and  with  the  addition  of  L-NMMA  in  the  two  protein  exchange  groups. 
The  important  observations  of  these  studies  were  as  follows: 

1.  GFR  and  renal  plasma  flow  remained  constant  for  several  hours  af¬ 
ter  exchange  and  through  5  days,  a  time  at  which  hematocrit  had  been 
restored  to  normal  values  by  the  normal  production  of  red  blood  cells 
(Blantz  et  al.  submitted  1994,  Blantz,  Peterson  and  Winslow  1992). 

2.  The  addition  of  L-NMMA  to  either  albumin  or  Hgb  exchange 
groups  did  not  greatly  alter  any  of  the  renal  or  systemic  parameters 
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(Blantz  et  al.  submitted  1994).  The  reduction  in  hematocrit  may  have 
neutralized  the  effect  of  L-NMMA. 

3.  It  is  clear  that  inhibition  of  nitric  oxide  synthase  provides  no  added 
impact  on  Hgb  exchange  on  blood  pressure  which  was  modestly  elevated 
after  isovolemic  exchange.  The  importance  of  these  results  lies  in  the 
absolute  constancy  of  GFR  and  renal  plasma  flow  rates,  in  spite  of  the 
fact  that  there  was  modest  hemoglobinuria.  Approximately  3%  of  the 
Hgb  administered  was  in  the  noncross-linked  form  and  led  to  significant 
Hgb  filtration.  Most  importantly,  these  studies  in  awake  animals  con¬ 
trast  strikingly  when  compared  to  studies  in  the  acute  surgically  pre¬ 
pared  and  anesthetized  animal. 

9.3.3  Large  Volume  Cross-linked  Hgb  Isovolemic  Exchange  in  the 
Acute  Surgically  Prepared  Anesthetized  Rat 

We  have  studied  a  variety  of  acute  surgically  prepared  animals  who 
have  then  been  submitted  to  either  50%  albumin  or  50%  cross-linked 
Hgb  exchange  (Blantz  et  al.  submitted  1994,  Blantz,  Peterson  and  Wins¬ 
low  1992).  Measurements  have  been  frequent  but  periodic  utilizing 
clearance  and  micropuncture  techniques  for  approximately  200  minutes 
after  exchange.  There  were  several  observations  of  a  morphologic  and 
molecular  biologic  nature.  Animals  submitted  to  either  albumin  or  Hgb 
exchange  exhibited  no  morphologic  alterations  of  their  endothelial  cells 
derived  from  glomeruli  using  scanning  electron  microscopy  (Figure  9.1). 

Fenestrated  glomerular  epithelial  cells  were  examined  in  several  ani¬ 
mals,  and  no  alterations  in  endothelial  cells  and  in  the  size  of  fenestrae 
were  observed  200  minutes  following  50%  isovolemic  Hgb  exchange.  In 
addition,  we  have  examined  the  expression  of  cytokine  inducible  nitric 
oxide  synthase  in  a  variety  of  organs  120-200  minutes  after  exchange 
with  albumin,  cross-linked  Hgb  and  in  saline  administered  control. 
Endotoxin  contamination  was  significant  in  standard  commercially  de¬ 
rived  albumin  preparations.  However,  endotoxin  was  barely  detectable 
in  the  Hgb  and  saline  control  solutions.  We  observed  significant 
inducible  NOS  mRNA  in  lung,  spleen,  kidney  and  other  organs  in  the  al¬ 
bumin  exchange  group.  It  is  notable  that  there  was  no  renal  dysfunction 
or  morbidity  noted  in  this  group,  as  will  be  observed  later.  Cross-linked 
Hgb  was  endotoxin-free  but  also  caused  increased  mRNA  for  iNOS  in 
both  lung  and  spleen.  The  exact  mechanism  for  this  increased  transcrip¬ 
tion  of  inducible  NOS  is  not  known,  but  endotoxin  is  not  a  candidate 
since  solutions  were  endotoxin  free.  It  remains  possible,  however,  that 
Hgb  is  either  directly  activating  cytokine  release  through  interaction 
with  monocyte-macrophage  systems,  or  somehow  nitric  oxide  consump¬ 
tion  by  Hgb  leads  indirectly  to  new  transcription  for  the  inducible  en- 
Z3nne. 
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Figure  9.1  (d) 

Figure  9.1  We  have  utilized  scanning  electron  microscopy  to  examine  both  glomerular 
endothelial  and  epithelial  cells  after  50%  albumin  or  oca  cross-linked  Hgb  exchange  {en¬ 
dothelial  cells,  panels  a  and  b,  and  epithelial  cells,  panels  c  and  d).  The  fenestrae  were 
completely  normal  in  size,  and  endothelial  cells  were  normal  in  configuration  in  both  al¬ 
bumin  and  Hgb  groups.  The  glomerular  visceral  epithelial  cells  were  also  normal  and 
equal  to  control  animals  after  both  albumin  (panels  a  and  c)  and  Hgb  exchange  (panels  b 
and  d)  (endothelial  cells  -  magnification  X  42,000  and  glomerular  epithelial  cells  X 
13,000). 
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Mortality  was  quite  high  in  the  acutely  surgically  prepared  animals  sub¬ 
mitted  to  50%  isovolemic  Hgb  exchange.  This  stands  in  stark  contrast  to 
the  results  in  the  awake  animal.  Animals  submitted  to  isovolemic  albu¬ 
min  exchange  survived  completely  with  no  evidence  of  renal  dysfunction. 
In  the  surgically  prepared  animal,  addition  of  L-NMMA,  a  nitric  oxide 
synthase  inhibitor,  further  magnified  the  mortality  rate  to  nearly  100% 
and  shortened  the  time  of  survival  to  80-120  minutes  after  Hgb  ex¬ 
change.  Arginine  infusion  may  have  provided  some  modest  benefit  by 
reducing  mortality  from  60  to  40%.  Animals  died  from  generalized  car¬ 
diovascular  collapse.  Animals  submitted  to  albumin  exchange,  even  if 
treated  with  L-NMMA,  also  survived  and  exhibited  nearly  normal  renal 
function. 

Studies  on  cardiac  outputs  were  performed  in  order  to  provide  some  in¬ 
sights  into  the  mechanisms  for  cardiovascular  instability  (Blantz  et  al. 
submitted  1994).  In  animals  injected  with  3  differently  labeled 
microspheres,  cardiac  output  increased  significantly  30  minutes  after 
isovolemic  Hgb  exchange  but  returned  to  normal  values  at  approxi¬ 
mately  100-120  minutes  after  exchange.  In  addition,  renal  blood  flow  in¬ 
creased  transiently  as  it  did  in  the  micropuncture  studies  but  gradually 
fell  to  normal  values  at  100-120  minutes.  The  exact  mechanism  for  the 
later  cardiovascular  collapse  in  this  situation  remains  to  be  fully  deline¬ 
ated.  However,  it  does  appear  that  acute  surgical  preparation  or  the 
stress  of  surgery  somehow  conditions  the  animal  to  high  mortality  condi¬ 
tions  after  isovolemic  Hgb  exchange.  It  is  quite  possible  that  the  stress 
of  surgery  may  induce  enzyme  systems  that  somehow  interact  with  fi^ee 
Hgb  in  a  coordinate  fashion,  leading  to  cardiovascular  instability  and 
death.  Although  binding  of  nitric  oxide  to  Hgb  may  exert  some  acute  ef¬ 
fects  on  blood  pressure  and  other  cardiovascular  parameters,  the  net  ef¬ 
fect  of  isovolemic  exchange  is  renal  vasodilation  and  increases  in  renal 
plasma  flow  and  GFR,  even  in  the  anesthetized,  surgically  prepared 
preparation.  The  toxicities  observed  in  the  anesthetized  preparation  and 
especially  animals  submitted  to  acute  surgery  suggest  that  prior  stress 
may  be  a  preconditioning  event  which  leads  to  increased  morbidity  and 
mortality  after  cross-linked  Hgb  administration.  Further  studies  are  re¬ 
quired  to  delineate  whether  this  is  further  magnified  by  clinical  condi¬ 
tions  in  which  red  blood  cell  substitutes  are  to  be  utilized. 
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ABSTRACT 

In  vitro  experiments  and  experiments  with  artificial  capillary  systems 
suggest  that  transfer  of  oxygen  from  cell-free  carriers  to  tissue  sites 
may  be  faster  than  it  is  from  red  blood  cells.  On  first  consideration, 
this  appears  to  be  advantageous,  but  new  data  obtained  by  direct 
measurements  in  the  microcirculation  indicate  that  facilitated  release 
may  actually  lead  to  an  autoregulatory  decrease  in  capillary  perfusion. 
This  leads  to  the  conclusion  that  the  well-known  hemoglobin-oxygen 
equilibrium  curve  may  not  be  adequate  by  itself  to  describe  oxygen 
delivery  by  cell-free  hemoglobin-based  red  cell  substitutes  to  achieve 
optimal  tissue  oxygenation. 


10.1  Introduction 

For  cell-free  hemoglobins  to  be  used  in  Og-canying  resuscitation  fluids, 
changes  in  the  molecule  are  required  that  are  made  either  through  site- 
directed  mutagenesis  or  chemical  modification  techniques.  The  primary 
goals  of  hemoglobin  modification  so  far  have  been  to  prevent  tetramer 
dissociation  and  to  alter  the  Og  binding  affinity  to  mimic  that  of  red 
blood  cells  in  vivo.  These  protein  engineering  strategies  have  been  suc¬ 
cessful  primarily  through  cross-linking  hemoglobin  tetramers,  which  re¬ 
duces  dimer  filtration  in  the  kidneys  and  prevents  nephrotoxicity.  In  the 
absence  of  renal  dysfunction,  the  single  most  problematic  physiologic  ef¬ 
fect  is  hemoglobin-induced  vasoactivity,  which  has  been  observed  with 
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most  hemoglobin  solutions  and  manifests  as  hypertension  and  increased 
peripheral  vascular  resistance. 

The  advantage  of  red  cell  substitutes  as  resuscitation  colloids  over  con¬ 
ventional  plasma  expanders  is  their  potential  for  providing  Og  transport 
in  addition  to  oncotic  activity.  However,  because  of  their  vasoactivity, 
even  with  high  O2  capacity  and  O2  affinity  similar  to  that  of  whole  blood, 
hemoglobin-based  O2  carriers  have  not  always  augmented  Og  transport 
to  tissue  above  that  achieved  with  either  albumin  or  dextran  solutions. 
For  example,  in  a  shock  pig  model,  augmented  blood  O2  content  result¬ 
ing  from  resuscitation  with  hemoglobin  was  offset  by  increased  vascular 
resistance  and  low  cardiac  output  (Hess,  Macdonald  and  Brinkley  1993). 
Similar  findings  have  been  reported  in  the  dog  (Rooney,  Hirsch  and 
Mathru  1993)  and  in  cat  neurovasculature  (Ulatowski  et  al.  1993).  In 
the  microcirculation  of  a  hamster  skin-window  preparation,  the  in¬ 
creased  O2  content  carried  by  aa-cross-linked  hemoglobin  was  offset  by 
vasoconstriction  in  arterioles  and  decreased  functional  capillary  density 
(Tsai,  Kerger  and  Intaglietta  1995). 

O2  is  delivered  to  tissue  primarily  through  transport  in  the  microcircula¬ 
tion.  Thus,  loss  of  functional  capillaries  becomes  particularly  detrimen¬ 
tal  to  tissue  oxygenation.  Capillaries  are  thought  to  be  elastic  rather 
than  contractile  and  to  have  the  mechanical  properties  of  their  sur¬ 
rounding  tissue  so  that  the  size  of  their  lumen  is  determined  by  the  hy¬ 
drodynamic  pressure  imposed  by  larger  arteriolar  vessels  upstream 
(Fung,  Zweifach  and  Intaglietta  1966,  Tsai,  Kerger  and  Intaglietta 
1995).  The  diameter  of  the  larger  arteriolar  vessels  upstream,  on  the 
other  hand,  is  controlled  directly  by  the  tone  of  the  vessel  smooth  mus¬ 
cle,  and  when  these  larger  vessels  constrict,  capillary  flow  is  impeded. 
Under  normal  conditions,  the  number  of  perfused  capillaries  is  uniform, 
but  when  this  system  is  perturbed,  like  it  appears  to  be  with  the  aa- 
cross-linked  hemoglobin  solution,  tissue  oxygenation  suffers.  The  de¬ 
crease  in  tissue  PO2  that  occurs  because  of  the  loss  of  capillaries  is  exac¬ 
erbated  by  a  marked  increase  in  O2  consumption  across  the  arteriolar 
vessel  wall,  and  as  a  result,  tissue  PO2  is  decreased  in  half  (Tsai,  Kerger 
and  Intaglietta  1995).  It  can  be  inferred  from  these  studies  that  the  po¬ 
tential  benefit  of  hemoglobin-based  O2  carriers  is  limited,  at  this  time, 
by  their  vasoactivity. 

One  mechanism  by  which  hemoglobin-induced  vasoconstriction  may  oc¬ 
cur  is  through  inhibition  of  endothelial-derived  nitric  oxide  (EDNO), 
either  by  direct  binding  of  NO  as  a  hemoglobin  ligand  or  by  superoxide 
inactivation  of  NO  to  form  the  peroxynitrite  anion  (Ignarro  1990).  This 
remains  controversial,  and  there  are  additional  conflicting  results  re¬ 
garding  the  effects  of  O2  tension  on  the  action  of  NO.  In  one  study,  an 
inverse  relation  was  found  between  the  saturation  of  hemoglobin  and  in¬ 
hibition  of  vasodilation  caused  by  NO  (Iwamoto  and  Morin  1993).  In  an¬ 
other  study,  blocking  EDNO  in  canine  skeletal  muscle  had  no  affect  on 
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hypoxia-induced  vasodilation,  suggesting  an  uncoupling  between  tissue 
O2  levels  and  NO  action  (Vallet  et  al.  1994). 

A  second  mechanism  that  has  not  been  fully  explored  in  investigations  of 
blood  substitutes  is  that  hemoglobin-induced  vasoactivity  may  simply  be 
the  result  of  an  autoregulatory  hemodynamic  response  to  the  unique  O2 
transporting  properties  of  these  solutions.  Guyton  originally  suggested 
that  when  diffusion  of  O2  to  tissue  exceeded  O2  demands,  an  autoregula¬ 
tory  vasoconstrictor  response  would  return  tissue  O2  levels  to  normal 
(Guyton  et  al.  1964).  This  theory  for  a  hemodynamic  response  to  hyper- 
oxia  has  been  tested  in  dogs  in  which  the  O2  affinity  of  intraerythrocytic 
hemoglobin  was  decreased  by  adding  inositol  hexaphosphate,  and  consis¬ 
tent  with  Guyton’s  theory,  cardiac  output  fell  and  total  peripheral  resis¬ 
tance  increased  (Liard  and  Kunert  1993).  Also  consistent  with  the  the¬ 
ory  are  observations  in  skeletal  muscle  microcirculation  where  a 
correlation  has  been  found  between  the  ambient  PO2  exposed  to  tissue, 
the  number  of  perfused  capillaries,  and  arteriolar  diameter.  As  PO2  in¬ 
creased,  arterioles  constricted  and  functional  capillary  density  decreased 
(Lindbom,  Tuma  and  Arfors  1980). 


10.2  Equilibrium  Binding  of  Red  Blood  Cells  versus 
Hemoglobin  Solutions 

The  traditional  view  that  shifting  the  Og  equilibrium  curve  to  the  right 
(higher  P50)  facilitates  O2  unloading  in  tissue  sites  has  been  shown  in  a 
number  of  experimental  models  using  red  blood  cells  (Malmberg, 
Hlastala  and  Woodson  1979,  Martin  et  al.  1979,  Woodson  et  al.  1982) 
and  in  clinical  settings  (Collins  1980).  However,  in  certain  situations, 
the  opposite  may  be  true.  For  example,  Barcroft  et  al.  (1923)  believed 
that  increased  affinity  (lower  P50)  was  important  in  adaptation  to 
high  altitude.  Their  reasoning  was  based  on  analogy  with  the  placental 
circulation  in  which  fetal  blood  has  a  higher  affinity  for  O2  than  that  of 
the  mother.  Furthermore,  modification  of  hemoglobin  to  increase  its  af¬ 
finity  has  been  shown  to  convey  superior  survival  in  hypoxic  rats  (Eaton 
et  al.  1974),  and  mutant  hemoglobins  with  increased  O2  affinity  may  pre¬ 
condition  subjects  to  hypoxia  (Hebbel  et  al.  1978).  On  the  summit  of  Mt. 
Everest,  the  P50  of  whole  blood  is  about  19  torr  (Winslow,  Samaja  and 
West  1984),  similar  to  that  of  fetal  hemoglobin,  which  suggests  that  low¬ 
ering  the  O2  affinity  of  red  blood  cells  would  not  improve  O2  transport  in 
situations  where  pulmonary  uptake  of  Og  is  difhision  limited  (i.e.,  low  ar¬ 
terial  Og  partial  pressure  at  high  altitude). 

It  has  been  generally  assumed  that  the  Og  equilibrium  curve  for 
hemoglobin-based  blood  substitutes  must  be  similar  to  or  right-shifted 
from  that  of  red  blood  cells  for  adequate  Og  delivery  to  tissues.  Outside 
of  the  cell,  human  hemoglobin  loses  its  primary  effector,  2,3- 
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diphosphogly cerate,  and  O2  affinity  is  increased.  While  the  native  hemo¬ 
globin  structure  has  been  modified  in  the  design  of  blood  substitutes  to 
decrease  O2  affinity  for  suitable  O2  off-loading,  the  primary  assumption 
about  O2  affinity  does  not  take  into  account  diffusional  factors  that  limit 
Og  transport  by  red  blood  cells  in  vivo.  The  position  and  shape  of  the  O2 
equilibrium  curve  are  important  determinants  of  O2  delivery,  but  the 
physical  transport  of  O2  also  depends  upon  diffusion  from  the  red  cells  to 
tissue. 

According  to  a  theory  advanced  by  Homer,  Weathersby  and  Kiesow 
(1981)  and  Federspiel  and  Popel  (1986),  the  low  plasma  solubility  of  Og 
creates  a  major  barrier  to  diffusion  of  O2  in  the  plasma  spaces  between 
red  cells  and  between  red  cells  and  capillary  walls.  In  contrast,  acellular 
hemoglobin-based  O2  carriers  are  dispersed  homogeneously  throughout 
the  plasma,  which  eliminates  these  diffusion  barriers  and,  theoretically, 
accelerates  O2  transport  to  tissue  (Figure  10.1).  Based  on  these  theoreti¬ 
cal  concepts  and  new  experimental  data  from  the  microcirculation  model 
(Tsai,  Kerger  and  Intaglietta  1995),  it  becomes  necessary  to  consider 
that  the  vasoconstriction  induced  by  cell-free  hemoglobin  might  be  an 
autoregulatory  response  to  accelerated  O2  delivery  to  vasoactive  blood 
vessels.  A  h3q)othetical  mechanism  for  this  effect,  which  has  theoretical 
and  experimental  support,  is  presented  below. 


Figure  10.1  A  theoretical  analysis  of  the  particulate  nature  of  blood  on  oxygen  re¬ 
lease  in  capillaries  (Federspiel  and  Popel  1986).  Red  blood  cells  alone  are  shown  on 
top.  Red  blood  cells  plus  hemoglobin  solution  are  shown  at  the  bottom. 


10.3  Kinetic  Measurements  of  Exchange  by  Cellular 
uersi/s  Acellular  Hemoglobins 

In  1927,  Hartridge  and  Roughton  first  discovered  that  O2  uptake  by  red 
blood  cells  was  approximately  40  times  slower  than  Og  uptake  by  a  com¬ 
parable  cell-free  hemoglobin  solution  (Hartridge  and  Roughton  1927) 
(Figure  10.2).  Their  results  were  confirmed  later  by  Roughton  (1959) 
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and  other  investigators,  including  Coin  and  Olson  (1979),  Weingarden, 
Mizukami  and  Rice  (1982a,b),  Kagawa  and  Mochizuki  (1982),  and  Van- 
degriff  and  Olson  (1984a,b,c),  who  used  more  modern  experimental  tech¬ 
niques.  This  later  work  demonstrated  conclusively  that  the  lower  rates 


Time  in  seconds 


Figure  10.2  Time  courses  for  oxygen  uptake  by  (A)  intact  and  (B)  lysed 
sheep  red  blood  corpuscles.  Adapted  from  Hartridge  and  Roughton  (1927). 


of  Og  uptake  and  release  by  intact  cells  are  due  to  diffusional  barriers 
surrounding  red  blood  cells  that  are  absent  with  acellular  hemoglobin  so¬ 
lutions.  About  half  of  the  lowering  in  the  rate  in  a  rapid-mixing  appara¬ 
tus  is  due  to  intracellular  Og  diffusion,  and  the  other  half  to  extracellu¬ 
lar  resistance  to  Og  diffusion  through  unmixed  solvent  layers 
surrounding  flowing  red  blood  cells  (Coin  and  Olson  1979,  Vandegriff 
and  Olson  1984a),  results  that  are  entirely  consistent  with  Homer, 
Weathersby,  and  Kiesow^s  (1981)  hypothesis. 

Quantitatively,  the  resistance  to  Og  diffusion  through  extracellular 
plasma  layers  in  vivo  is  less  well  defined,  but  in  the  microcirculation, 
plasma  layers  between  red  cells  and  capillary  walls  in  muscle  tissue  are 
on  the  order  of  0.5-1  ^im.  These  are  distances  with  significant  effects  on 
experimental  rates  of  Og  uptake  (Vandegriff  and  Olson  1984a).  Even 
greater  plasma  diffusion  distances  have  been  observed  in  liver  blood  ves¬ 
sels  (Cliff  1976). 

10.4  Pick’s  Law  of  Diffusion 

The  Fick  diffusion  equation  has  been  used  in  a  simple  boundary  analysis 
to  estimate  the  external  resistance  to  Og  diffusion  for  red  blood  cells  (Ni- 
colson  and  Roughton  1951,  Kagawa  and  Mochizuki  1982,  Vandegriff  and 
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Olson  1984a, c).  The  Og  flux  at  the  red  cell  interface  can  be  calculated 
using  a  diffusion  gradient  for  POg  values  across  a  diffusion  barrier  (P^  - 

P2). 

d[0,]  _  D(P,-P^) 

dt  Ar 

where  D  is  the  oxygen  diffusion  constant  between  phases  P^  and  Pg,  and 
Ar  is  the  diffusion  distance  between  Pj  and  Pg. 

Using  this  analysis,  we  can  consider  the  effects  on  Og  transport.  In  the 
capillaries  of  the  lung  (Figure  10.3),  the  rate  of  Og  uptake  by  red  blood 


Figure  10.3  Diffusion  limitation  of  Og  uptake  by  red  blood  cells.  Calcula¬ 
tions  are  for  a  70  kg  person  with  5  ml^g/min  Og  uptake  and  normal  pulmo¬ 
nary  function.  The  three  curves  correspond  to  three  levels  of  alveolar  Og 
tension,  100,  75,  and  50  torr.  The  length  of  each  line  corresponds  to  the 
time  required  for  arterial  POg  to  reach  equilibrium  with  alveolar  gas. 

cells  is  determined  by  the  high  partial  pressure  of  Og  in  alveolar  gas 
spaces  (i.e.,  Pj  -100  torr  in  Eq.  1)  because  the  Og  diffusion  gradient  to 
red  blood  cells  is  steep.  Under  normal  conditions  in  the  lung  (PAOg  -100 
torr),  the  exact  Og-binding  characteristics  of  cellular  hemoglobin,  which 
determines  Pg  in  this  case,  are  less  important.  This,  however,  becomes 
invalid  when  the  Og  affinity  of  hemoglobin  is  very  low,  because  then  the 
concentration  of  Og  free  in  plasma  (i.e.,  Pg)  rises,  making  the  Og  gradient 
more  narrow.  Alternatively,  if  alveolar  Og  is  low  (e.g.,  breathing  air  at 
high  altitude),  the  diffusion  gradient  also  would  be  more  narrow,  but  in 
this  case  due  to  a  decrease  in  P^. 

For  Og  release  to  contracting  muscle  tissue,  the  diffusion  gradient  is  in 
the  opposite  direction.  The  Og  concentration  near  the  capillary  surface 
remains  close  to  zero  because  of  highly  active  mitochondria  (i.e.,  Pg  -0 
torr).  The  rate  of  Og  efflux  at  the  red  cell  surface,  or  for  extracellular  he- 
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moglobin  solutions  at  the  capillary  surface,  becomes  more  dependent  on 
the  chemical  reaction  between  hemoglobin  and  Og.  Since  Pg  ~0,  the  gra¬ 
dient  driving  diffusion  (Pj  -  Pg)  becomes  directly  proportional  to  the  par¬ 
tial  pressure  of  Og  in  equilibrium  with  hemoglobin,  which  depends  on 
the  Og  affinity  of  hemoglobin  (or  more  simply,  the  P50). 

10.5  Experimental  Results  of  Exchange  /n  Vitro 

These  theoretical  analyses  have  been  used  successfully  to  explain  in  vi¬ 
tro  measurements  of  O2  uptake  and  release  by  cell-free  hemoglobin  solu¬ 
tions,  liposome-encapsulated  hemoglobin,  and  red  blood  cells  in  rapid¬ 
mixing  experiments  (Farmer  et  al.  1989,  Vandegriff  and  Olson  1984c) 
and  by  cell-free  hemoglobin  solutions  and  intact  red  blood  cells  in  an  ar¬ 
tificial  capillary  system  (Boland  et  al.  1987,  Lemon  et  al.  1987). 

Kinetics  of  Og  release  in  a  rapid-mixing  experiment  are  shown  in  Figure 
10.4.  The  Og  affinities  of  the  cell-free  and  encapsulated  hemoglobins 


Oxygen  Release  Time  Courses 


Figure  10.4  Time  courses  for  Og  release  by  human  red  blood  cells, 
liposome-encapsulated  hemoglobin,  and  stroma-free  hemoglobin  at  25“C 
and  pH  7.4.  Internal  heme  concentrations  were  20  mM  for  the  red  blood 
cells  and  6  mM  for  the  liposomes.  Adapted  from  Farmer  et  al.  1989. 

used  in  this  experiment  were  ~3-fold  higher  than  the  Og  affinity  of  the 
red  blood  cells  {i.e.,  there  were  no  hemoglobin  effectors  co-encapsulated 
in  the  liposomes)  (Vandegriff  and  Olson  1984c).  At  the  same  total  heme 
concentration,  Og  release  from  the  cell-free  hemoglobin  was  faster  than 
from  either  the  liposome-encapsulated  hemoglobin  or  red  blood  cells, 
even  though  the  Og  affinities  of  the  cell-free  and  liposome-encapsulated 
hemoglobins  were  the  same  and  significantly  higher  than  for  the  red 
blood  cells.  Thus,  when  hemoglobin  is  encapsulated,  Og  release  is  slower 
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because  Og  must  diffuse  out  of  the  vesicle  to  the  site  of  consumption. 
Furthermore,  even  though  the  liposomes  had  higher  Og  affinity  than 
that  of  the  red  blood  cells,  Og  release  from  the  liposomes  was  still  faster 
for  two  reasons:  (1)  the  liposomes  had  a  lower  internal  heme  concentra¬ 
tion  (6  versus  20  mM),  and  (2)  they  were  smaller  (Le,,  0.2  pm  in  diameter 
compared  to  8  pm  for  red  blood  cells),  providing  a  much  smaller  surface 
area  to  volume  ratio  for  diffusion. 

For  Og  exchange  in  the  artificial  capillary,  the  following  has  been  ob¬ 
served:  (i)  At  equivalent  heme  concentrations,  the  rates  of  Og  uptake 
and  Og  release  are  higher  for  hemoglobin  solutions  than  for  red  blood 
cells,  (ii)  Og  affinity  has  little  influence  on  rates  of  Og  uptake,  but  (iii) 
rates  of  Og  release  are  proportional  to  the  P50  of  the  oxygen  carriers 
(Lemon  et  aL  1987,  Boland  et  al.  1987). 

The  overall  conclusions  from  this  work  are  that  the  rate  of  Og  uptake  by 
a  hemoglobin  solution  is  largely  independent  of  Og  affinity  but,  because 
of  the  absence  of  significant  diffusion  barriers,  higher  than  that  for  red 
blood  cells.  For  both  acellular  and  cellular  oxygen  carriers,  the  rate  of 
Og  release  is  proportional  to  Og  affinity,  but  even  at  the  same  P50,  Og 
release  from  hemoglobin  solutions  is  faster  because,  while  diffusion  is 
still  limiting,  there  is  less  of  a  barrier  to  diffusion.  For  example,  even 
with  a  P50  1.5  times  lower  than  that  of  a  red  cell  suspension,  Og  release 
from  an  extracellular  hemoglobin  solution  was  faster  (Figure  10.5)  (Bo¬ 
land  et  al.  1987). 


Figure  10.5  Time  courses  of  O2  release  by  red  blood  cell  suspensions  (tri¬ 
angles,  P50  =  20  mm  Hg)  and  hemoglobin  solutions  (circles,  P50  =  13  mm 
Hg)  of  the  same  hemoglobin  content  at  37®C  and  pH  7.4.  The  solid  and 
dashed  lines  are  theoretical  simulations  for  the  hemoglobin  solution  and  red 
blood  cell  suspension,  respectively.  The  dotted-dashed  line  is  a  theoretical 
curve  for  a  hemoglobin  solution  with  a  P50  of  20  mm  Hg.  Adapted  from  Bo¬ 
land  eiaZ.  1987. 
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10.6  Conclusions 

The  traditional  view  that  Og  transport  to  tissue  can  be  enhanced  by  low¬ 
ering  the  Og  affinity  of  hemoglobin  may  be  overly  simplistic  to  describe 
Og  transport  by  cell-free  Og  carriers.  To  create  an  effective  blood  substi¬ 
tute,  O2  must  be  delivered  to  tissue  in  the  face  of  decreased  red  cell  mass 
and  physiologic  compensatory  mechanisms.  The  goal  should  be  to  design 
a  solution  that  provides  an  Og  flux  at  the  blood  vessel  wall  similar  to 
that  provided  by  red  blood  cells,  because  altered  transport  at  the  vessel 
wall  may  stimulate  autoregulatory  responses  that  change  the  balance 
between  Og  delivery  and  consumption.  In  the  case  of  acellular  hemoglo¬ 
bin  solutions  with  O2  binding  properties  similar  to  those  of  red  blood 
cells,  these  regulatory  responses  may  actually  overcompensate  for  accel¬ 
erated  O2  delivery  at  the  precapillaiy  level,  causing  vasoconstriction  and 
increased  O2  consumption  by  the  vessel  wall. 

According  to  the  simple  barrier  analysis  of  Eq.  1,  accelerated  O2  delivery 
to  tissues  by  hemoglobin  solutions  with  O2  affinities  similar  to  that  of 
red  blood  cells  occurs  because  of  the  decreased  diffusion  distance,  Ar.  To 
offset  the  smaller  value  for  Ar,  the  O2  diffusion  gradient  (Pj  -  P2)  must 
also  be  decreased  to  maintain  an  optimal  value  for  the  ratio  (Pj  -  PgVAr. 
Since  hemoglobin’s  affinity  for  O2  influences  primarily  rates  of  O2  re¬ 
lease,  it  should  be  possible  to  alter  these  properties  to  manipulate  O2  re¬ 
lease  to  tissue  where  Og  consumption  is  high  (P2  -0).  Theoretically,  this 
can  be  accomplished  by  increasing  the  O2  affinity  of  hemoglobin  or  by 
changing  the  shape  of  the  binding  curve  so  that  less  Og  is  unloaded  at  a 
given  tissue  PO2. 

The  predicted  consequences  of  such  a  strategy  are  as  follows:  At  higher 
O2  affinity  (lower  P50),  less  O2  will  dissociate  from  hemoglobin  at  any 
given  PO2,  making  less  O2  available  to  the  plasma  at  the  precapillary 
level.  This  may  help  to  prevent  hyperoxia  upstream  from  capillary  beds 
to  avoid  autoregulatoiy  vasoconstriction.  As  a  result,  capillary  flow 
would  be  maintained  and  tissue  oxygenation  would  be  preserved. 
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ABSTRACT 

Blood  substitution  with  non-cellular  fluids  lowers  blood  viscosity  and 
increases  blood  flow  velocity,  altering  the  oxygen  delivering  capacity 
of  the  microcirculation  and  the  balance  between  diffusive  and  convec¬ 
tive  oxygen  transport.  When  blood  volume  is  maintained  with  either 
crystalloid  or  colloidal  volume  replacement,  microcirculatory  oxygen 
transport  is  adequate  for  red  blood  cell  losses  of  the  order  of  60%. 
Hemoglobin  solutions  utilizing  aa-hemoglobin  show  microvascular 
effects  similar  to  those  found  with  non-oxygen  carrying  solutions,  but 
are  reduced  and  the  additional  intrinsic  oxygen  carrying  capacity  of 
the  blood/solution  mixture  is  not  manifested.  Mathematical  analysis 
of  microvascular  data  shows  that  these  effects  are  due  to  increased 
oxygen  delivery  capacity  of  the  circulation,  which  increases  arteriolar 
oxygenation.  Ensuing  metabolic  autoregulatory  responses  lead  to  an 
oxygenation  paradox  resulting  in  vasoconstriction,  impairment  of 
functional  capillary  density,  and  increased  microcirculatory  metabo¬ 
lism,  causing  decreased  tissue  oxygenation.  It  is  proposed  that  higher 
viscosity,  left-shifted  hemoglobin  oxygen  saturation  solutions  will 
fully  oxygenate  tissue. 


11.1  Introduction 

Blood  substitution  or  replacement  leads  to  the  dilution  of  the  red  cell 
mass,  and  if  water  oxygen  solubility  is  the  only  oxygen  carrying  mecha¬ 
nism  of  the  replacement  fluid,  intrinsic  oxygen  canying  capacity  of  the 
resulting  mixture  decreases  in  proportion  to  the  lowered  hematocrit. 
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This  is  not  necessarily  negative,  since  very  low  hematocrits,  correspond¬ 
ing  to  losses  of  the  red  blood  cell  mass  of  the  order  of  70%,  can  be  sur¬ 
vived  with  relative  ease.  Conversely,  our  ability  to  compensate  for  com¬ 
paratively  smaller  losses  of  blood  volume  is  limited.  A  30%  deficit  in 
blood  volume  can  lead  to  irreversible  shock  if  not  rapidly  corrected. 

Maintenance  of  normovolemia  is  the  objective  of  all  forms  of  blood  sub¬ 
stitution  or  replacement.  The  ensuing  dilution  of  blood  constituents, 
termed  hemodilution,  produces  systemic  and  microvascular  phenomena 
underlying  all  forms  of  blood  replacement.  Fluids  available  to  accom¬ 
plish  volume  restitution  can  be  broadly  classified  as  crystalloid  solu¬ 
tions,  colloid  solutions  and  oxygen  carrying  solutions.  Each  of  these, 
when  introduced  in  the  circulation,  yields  a  mixture  of  original  blood  and 
substitute  whose  transport  properties  must  provide  adequate  tissue  oxy¬ 
genation,  a  phenomenon  taking  place  in  the  microvasculature.  It  follows 
that  altered  blood  compositions  should  be  analyzed  in  terms  of  systemic 
effects  and  how  these,  coupled  with  the  altered  transport  properties  of 
the  circulating  fluid,  influence  transport  microcirculatory  function. 

11.2  Macro  and  Micro  Blood  Flow  in  Hemodilution 

11.2.1  Viscosity  Effects 

When  hemodilution  maintains  isovolemic  conditions,  changes  in  trans¬ 
port  properties  of  the  circulation  are  circumscribed  to  the  alteration  of 
blood  viscosity  and  intrinsic  oxygen  carr5dng  capacity.  This  condition  re¬ 
sults  from  using  either  crystalloid  or  colloidal  solutions,  providing  a 
physiological  reference  with  which  to  compare  blood  mixtures  obtained 
with  substitutes. 

Blood  viscosity  in  the  major  vessels  is  the  parameter  most  strongly  influ¬ 
enced  by  hemodilution,  since  in  this  compartment  it  is  approximately 
proportional  to  the  hematocrit  squared  and  inversely  proportional  to 
shear  rate  (Quemada  1978).  The  pressure  drop  in  the  major  vessel  (ar¬ 
teries  and  veins)  accounts  for  a  relatively  small  portion  of  the  viscous 
losses  in  the  circulation,  therefore  the  critical  viscosity  effect  is  that  of 
the  remainder  of  the  circuit,  namely  the  microcirculation. 

In  the  microcirculation  blood  viscosity  is  linearly  related  to  hematocrit 
(Lipowsky,  Usami  and  Chien  1980)  whereby  hemodilution  causes  a  di¬ 
rectly  proportional  decrease  in  vascular  resistance.  If  the  heart  were  a 
constant  pressure  output  pump,  lowered  viscosity  would  translate  in  a 
proportional  increase  in  cardiac  output  and  therefore  flow  velocity  in  the 
microcirculation.  An  additional  lowering  of  viscosity  takes  place  since 
increased  flow  velocity  increases  shear  rate,  on  which  blood  viscosity  is 
inversely  dependent.  While  this  is  borne  out  by  clinical  and  experimen¬ 
tal  studies,  there  are  two  additional  competing  mechanisms  that  contrib- 
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ute  in  setting  cardiac  output,  namely;  1)  Lowered  viscosity  in  the  venous 
circulation  improves  cardiac  filling,  contractility  and  therefore  cardiac 
output,  and  2)  increased  cardiac  output  coupled  with  lowered  blood  vis¬ 
cosity  increases  oxygen  delivery  capacity,  triggering  metabolic 
autoregulation  and  the  increase  of  peripheral  vascular  resistance  (Inta- 
glietta  1989). 

Changes  in  plasma  viscosity  due  to  the  use  of  colloidal  solutions  appears 
to  be  a  minor  factor  in  the  range  of  concentrations  intended  for  blood 
substitutes.  One  of  the  highest  colloidal  concentration  contemplated  for 
use  is  15%  hemoglobin  solutions  (15  g/100  ml).  The  viscosity  of  such  a 
solution  can  be  evaluated  from  the  equation  due  to  Einstein  (1956) 
which  is  exact  for  spherical  particles  up  to  a  concentration  of  1%: 

(1)  tJs  =  rioil +2.5c) 

where  Ti^  is  the  viscosity  of  the  suspension,  is  the  viscosity  of  the  sus¬ 
pending  medium  (water)  and  c  is  the  volumetric  concentration  of  parti¬ 
cles.  For  a  concentration  of  15%  this  equation  underestimates  the  vis¬ 
cosity  by  a  factor  of  6.5c^  or  10%.  Therefore  according  to  (1)  the  viscosity 
would  be  1.37  cp,  and  corrected  is  1.52  cp.  Considering  that  hemoglobin 
solutions  are  diluted  by  plasma,  we  find  that  the  resulting 
plasma/solution  mixture  viscosity  is  not  significantly  different  from  that 
of  plasma  alone  when  compared  with  the  larger  viscosity  effect  due  to 
the  presence  of  red  blood  cells. 

Summation  of  effects  from  decreased  blood  viscosity  cause  the  progres¬ 
sive  increase  in  cardiac  output  and  blood  velocity  at  all  levels  of  the  cir¬ 
culation  as  hematocrit  is  lowered  (Richardson  and  Guyton  1959).  Be¬ 
tween  normal  and  about  30%  hematocrit  circulatory  flow  velocity  is 
proportionally  greater  than  the  decrease  in  hematocrit,  raising  effective 
oxygen  canying  capacity  of  the  circulation.  Colloidal  and  crystalloid  vol¬ 
ume  replacement  fluid  viscosity  is  similar  to  that  of  plasma,  therefore  it 
follows  that  similar  effects  should  take  place  when  oxygen  carrying  blood 
substitutes  are  used  if  their  viscosity  is  similar  to  that  of  plasma.  When 
this  does  not  follow,  either  the  heart  does  not  respond  to  improved  filling 
or  peripheral  vascular  resistance  is  increased  by  factors  extraneous  to 
the  fluid  properties  of  the  circulating  mixture. 

1 1.2.2  Microvascular  Tissue  Oxygenation 

The  circulation  is  assumed  to  deliver  oxygenated  blood  to  the  capillaries 
whose  principal  function  should  be  that  of  supplying  oxygen  to  the  tis¬ 
sue.  Current  studies,  however,  challenge  this  view,  since  intravascular 
POg  measurements  show  that  in  many  tissues  oxygen  tension  in  arteri¬ 
oles  of  about  50-|Xm  diameter  is  of  the  order  of  50  mm  Hg  (Duling  and 
Berne  1973).  Oxygen  tension  falls  further  in  the  branching  arteriolar 
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network,  to  the  extent  that  capillary  POg  is  about  30  mm  Hg.  Correlat¬ 
ing  these  POg  values  to  the  oxygen  saturation  curve  for  hemoglobin  (Fig¬ 
ure  11.1)  shows  that  tissue  oxygen  is  supplied  equally  by  diffusion  from 
arterioles  and  capillaries.  Furthermore,  the  arterial  oxygen  loss  must 
involve  the  oxygen  supply  to  the  arterial  vasculature,  while  venous  oxy¬ 
gen  is  circulating  surplus.  Venous  PO2  is  also  found  to  increase  from  the 
capillary  system  onward,  suggesting  the  presence  of  either  arterial  blood 
or  diffusional  shunts. 

Measured  PO^  distribution 
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Figure  11.1  Distribution  of  intravascular  POg  in  the  normal  circulation. 
Direct  measurements  using  the  Pd-porph3ain  technique  in  the  awake  ham¬ 
ster  window  chamber  preparation.  Correlation  with  the  blood  oxygen  satu¬ 
ration  curve  shows  that  the  microcirculation  only  delivers  about  half  the 
o^g^gen  in  blood,  and  capillaries  distribute  about  one-quarter  of  the  total 
oijg^gen  available. 


According  to  Figure  11.1,  the  contribution  to  tissue  oxygenation  by  the 
arterioles  should  be  significant.  We  should  note  that  arteries,  a  similar 
tissue  mass,  consume  about  25%  of  the  oxygen  available  in  blood,  sug¬ 
gesting  that  arterioles  may  do  the  same.  Studies  show  that  arteriolar 
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oxygenation  demonstrates  a  deficit,  whereby  the  oxygen  exit  is  greater  to 
what  is  delivered  to  the  tissue  (Popel,  Pittman  and  Ellsworth  1989). 
This  suggests  the  existence  of  an  o^gen  sink  at  the  level  of  the 
arteriolar  tissue,  or  the  existence  of  oxygen  shunts  which  by  diffusion  or 
convection  cause  oxygen  to  b3^ass  the  microcirculation  and  enter  di¬ 
rectly  the  venular  return,  a  fact  in  part  shown  by  the  increase  of  venular 
PO2. 

The  anatomical  arteriolar  venular  juxtaposition  in  a  counter  current  con¬ 
figuration  provides  a  diffusional  mechanism  for  microvascular  oxygen 
shunting.  It  is  well  established  that  arterioles,  venules,  lymphatics  and 
nerves  travel  in  a  sort  of  communications  highway  through  the  tissue  at 
the  level  of  microvessels  with  diameters  of  100  pm.  Consequently,  pre¬ 
capillary  diffusional  shunting  is  present  (Mirhashemi  et  al.  1987a).  A 
second  type  of  shunting  must  also  be  present  although  not  conclusively 
demonstrated.  Capillary  hematocrit  is  invariably  about  half  of  the  sys¬ 
temic  value.  This  has  been  explained  by  invoking  the  presence  of  a  de¬ 
formable  protein  layer  at  the  capillary  surface  or  the  presence  of  hydro- 
dynamic  red  blood  cell  velocity  augmentation  effects.  Neither  of  these 
mechanism  has  been  demonstrated  conclusively,  and  the  existence  of 
high-hematocrit  thoroughfare  channels  that  also  shunt  leukocytes  be¬ 
tween  arterioles  and  venules  (Ley  et  al.  1989)  may  be  a  more  realistic  ex¬ 
planation. 

11.2.3  Functional  Capillary  Density 

Capillary  oxygen  delivery  is  dominated  by  the  large  surface  area  of  this 
vascular  compartment  and  low  oxygen  gradients.  Their  small  intrinsic 
oxygen  carrying  capacity  and  low  intravascular  PO2  renders  each  capil¬ 
lary  unique  in  suppl5dng  a  localized  tissue  volume,  unless  this  is  also 
within  the  diffusion  field  of  an  arteriole.  Consequently,  there  is  a  por¬ 
tion  of  the  tissue  where  capillary  flow  cessation,  Le.,  the  decrease  of 
functional  capillary  density,  is  deleterious  and  possibly  a  fatal  event. 

The  mechanism  behind  changes  in  number  of  capillaries  with  red  blood 
cell  flow  has  not  been  demonstrated.  Physical  considerations  suggest 
that  this  may  result  from  mechanical  events  comprising:  1)  Capillary  lu¬ 
men  narrowing  beyond  where  capillary  pressure  can  provide  the  energy 
needed  for  red  blood  cell  deformation,  2)  capillary  luminal  obstruction  by 
leukoc5rtes,  microthrombi,  rigid  red  blood  cells,  and  3)  hydrod3mamic  ef¬ 
fects  at  capillary  bifurcations,  which  direct  red  blood  cells  to  the  stream 
with  the  greater  flow  and  flow  velocity.  Capillary  diameter  variability 
underlies  these  scenarios,  although  it  is  generally  assumed  that  capil¬ 
lary  lumen  is  mostly  invariable  and  independent  of  transmural  pressure. 
This  perception  stems  from  the  conclusion  that  capillaries  are  rigid,  hav¬ 
ing  elastic  properties  of  the  medium  in  which  they  are  imbedded  (Fung, 
Zweifach  and  Intaglietta  1966).  It  is  similarly  assumed  that  they  are  not 
contractile. 
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A  corollary  to  present  perceptions  of  capillary  mechanics  is  that  if  perfu¬ 
sion  pressure  decreases,  flow  rate  decreases  throughout  the 
microvascular  network,  and  unless  shear  rate  falls  below  the  yield  value 
for  blood  (if  this  obtains  in  capillary  flow)  capillary  flow  should  not  stop, 
i.e.,  there  is  no  change  in  functional  capillary  density  associated  with 
lowered  perfusion  pressure. 

Studies  in  the  skeletal  microcirculation  (Lindbom  and  Arfors  1985)  show 
that  functional  capillary  density  changes  reversibly  when  perfusion  pres¬ 
sure  varies.  The  same  study  shows  that  functional  capillary  density  is 
lowered  when  local  tissue  oxygen  tension  is  artificially  increased.  Pres¬ 
sure  flow  studies  in  isolated  organs  show  that  flow  hindrance  increases 
as  perfusion  pressure  decreases,  a  behavior  mostly  attributed  to  shear 
dependance  of  blood  viscosity  and  diameter  changes  in  the  distensible 
segments  of  the  vasculature.  Decreased  functional  capillary  density  has 
been  observed  in  low-flow  conditions  associated  with  ischemia 
reperfusion  injury  (Monger,  Steiner  and  Messmer  1992).  This  informa¬ 
tion  supports  the  contention  that  capillary  perfusion  pressure  is  the  pri¬ 
mary  factor  in  determining  the  extent  of  functional  capillary  density. 
Lowered  perfusion  pressure,  coupled  to  endothelial  dysfunction,  gives 
rise  to  the  potential  for  causing  pathological  capillary  flow  hindrance  as 
three  mechanisms  converge  to  promote  this  phenomenon,  namely  tissue 
edema,  endothelial  edema  and  elastic  recoil. 


11.3  Hemodilution  with  Colloids 

11.3.1  Macro  and  Microhemodynamics 

Hemodilution  with  colloids  is  implemented  with  macromolecules  such  as 
dextran,  albumin  and  starch,  whose  molecular  weight  is  such  that 
intravascular  retention  is  assured.  Solutions  of  dextran  with  70,000  mo¬ 
lecular  weight  (Dextran  70)  are  a  convenient  colloidal  fluid  for  experi¬ 
mental  studies  which  is  also  used  clinically. 

Direct  in  vivo  studies  in  tissues  as  diverse  as  skeletal  muscle  (Mi- 
rhashemi  et  al.  1987b,  Tsai,  Arfors  and  Intaglietta  1991),  skin  (Mi- 
rhashemi  et  al.  1988)  and  mesentery  (Tigno  and  Henrich  1986,  Lipowsky 
and  Firrel  1986)  show  that  for  normal  hematocrit,  capillary  hematocrit 
is  about  half  of  the  systemic  value.  An  important  feature  of  capillary 
hematocrit  is  that  it  does  not  appear  to  fall  in  the  same  proportion  as 
systemic  hematocrit  during  hemodilution.  Flow  velocity  increases 
monotonically  in  all  tissues  in  proportion  to  the  increase  in  cardiac  out¬ 
put,  and  the  combination  of  maintenance  of  hematocrit  and  increased 
capillary  flow  velocity  maintains  oxygen  delivery  capacity  of  the 
microcirculation  up  to  systemic  hematocrit  reductions  of  the  order  of 
75%,  i.e.,  reductions  of  the  circulating  red  blood  cells  to  the  extent  that 
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1/4  of  the  original  number  remains.  Figure  11.2  summarizes  these  re¬ 
sults. 


^  Mesentary 
■  Skin 
+  Muscle 


Figure  11.2  Microvascular  effects  of  isovolemically  substituting  blood  with 
6%  dextran  70,000  MW  in  different  tissues.  Mesentery:  Tigno  and  Henrich 
1986,  Lipowsky  and  Firrell  1986;  Skeletal  muscle:  Mirhashemi  et  al.  1987b, 
Tsai,  Arfors  and  Intaglietta  1991;  Awake  hamster  skin  fold:  Mirhashemi  et 
al  1988.  Capillary  hematocrit  is  maintained  until  reaching  the  line  de¬ 
scribing  one  to  one  changes  of  systemic  and  microcirculatory  hematocrit 
(systemic  hematocrit  unity  line).  Animals  generally  do  not  survive 
hemodilution  beyond  this  point.  Theoretical  and  systemic  oxygen  canying 
capacity  line  is  from  the  study  of  Messmer  et  al  1982.  All  values  are  nor¬ 
malized  relative  to  the  control  condition  where  the  preparation  has  undi¬ 
luted  normal  blood. 
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11.3.2  Oxygen  Distribution 

Functional  capillary  density  is  maintained  with  ±10%  of  control  through¬ 
out  the  range  of  hematocrit  reported  in  these  studies,  which  is  the  nor¬ 
mal  variability  for  this  parameter.  Most  studies  report  a  tendency  for 
arterioles  to  vasoconstrict  when  hematocrit  is  reduced  by  about  30%, 
which  is  the  range  in  which  the  oxygen  carrying  capacity  of  the 
microcirculation  is  maximal.  This  phenomenon  should  be  due  to  meta¬ 
bolic  autoregulation,  a  fact  supported  by  preliminary  studies  on  oxygen 
distribution  during  dextran  70  hemodilution  from  our  laboratory  that 
show  that  both  intra-  and  extravascular  oxygen  tensions  are  increased 
relative  to  control  in  this  range  of  hemodilution. 

Studies  in  tissue  oxygenation  with  multiwire  Clark  type  electrodes  show 
that  when  red  blood  cell  mass  is  decreased  by  about  30  -  40%,  tissue  oxy¬ 
genation  is  improved  as  the  histogram  of  tissue  oxygen  distribution  is 
shifted  to  the  right  (Messmer  et  al.  1982).  This  is  the  consequence  of  the 
maintained  oxygen  carrying  capacity  of  both  arterioles  and  capillaries,  a 
decreased  oxygen  diffusional  loss  due  to  the  higher  blood  flow  velocity 
and  the  lack  of  biological  reactions  at  the  level  of  the  endothelium  due  to 
the  presence  of  dextran  70,  resulting  in  the  maintenance  of  a  basal  ves¬ 
sel  wall  metabolism. 

Animals  do  not  survive  when  hematocrit  falls  below  about  20  -  22%  in 
our  experimental  model  of  the  awake  hamster,  without  assisted  respira¬ 
tion.  This  range  of  hematocrit  corresponds  to  the  intersection  of  capil¬ 
lary  hematocrit  with  the  unity  hematocrit  line  (Figure  11.2).  We  pre¬ 
sume  that  in  these  conditions  the  mechanism  that  strives  to  maintain 
hematocrit  constant  is  no  longer  operative.  Furthermore,  at  these  low 
hematocrits,  the  heart  is  probably  unable  to  maintain  increased  cardiac 
output.  These  two  factors  would  appear  to  cause  a  non-survivable  fall  in 
oxygen  carrying  capacity  when  the  red  blood  cell  mass  is  reduced  to  1/5 
of  the  normal  value. 

11.4  Hemodilution  with  Crystalloids 

When  Ringer’s  lactate  or  normal  saline  is  used  as  a  plasma  expander  or 
dilutent,  we  find  the  same  effects  as  with  colloids,  with  the  difference 
that  the  lack  of  oncotically  active  material  hinders  fluid  absorption  into 
the  blood  compartment  causing  fluid  to  extravasate.  This  phenomenon 
is  readily  corrected  by  the  administration  of  additional  fluid,  being  gen¬ 
erally  accepted  that  volume  restitution  with  crystalloids  requires  the  ad¬ 
ministration  of  about  3  times  the  blood  volume  to  be  replaced.  The  rela¬ 
tive  advantages  of  crystalloid  vs.  colloid  fluid  volume  replacement  have 
been  extensively  argued  (Moss  et  al.  1981). 

From  the  perspective  of  events  in  the  microcirculation,  there  appears  to 
be  no  difference  between  the  two  methods.  In  particular,  edema  that  ac- 
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companies  crystalloid  hemodilution  does  not  appear  to  affect  functional 
capillary  density  or  tissue  function  in  most  organs,  with  the  exception  of 
the  lung  where  there  is  some  evidence  that  crystalloid  volume  mainte¬ 
nance  exhibits  a  slight  increase  in  the  incidence  of  adult  respiratory  dis¬ 
tress  syndrome. 


11.5  Microvascular  Effects  of  aa-Hemoglobin 

11.5.1  Microvascular  Hemodynamics 

Our  studies  have  centered  on  the  microvascular  effects  of  substituting 
blood  with  isooncotic  cross-linked  aa-hemoglobin  (LAIR,  San  Francisco) 
delivered  in  an  isovolumetric  exchange.  These  conditions  allow  direct 
comparison  with  similar  experiments  done  using  dextran  70.  Our  ex¬ 
perimental  model  is  the  hamster  skin  fold  preparation,  which  allows  ob¬ 
servations  of  the  microcirculation  for  prolonged  periods  and  without  an¬ 
esthesia  (Papenfuss  et  al.  1979,  Endrich  et  al.  1980). 

Our  principal  findings  are  that  functional  capillary  density  is  compromised, 
falling  to  about  60%  of  control  when  the  hematocrit  is  reduced  by  about 
40%.  Red  blood  cell  capillary  flow  velocity  is  increased  with  no  statisti¬ 
cally  significant  difference  with  the  effects  found  with  dextran  up  to  a 
decrease  in  hematocrit  of  about  50%  (i.e.,  loss  of  half  of  the  red  blood  cell 
mass).  When  these  factors  are  related  to  calculate  the  effective  oxygen 
carrying  capacity  of  the  microcirculation,  defined  as  the  product  of  oxy¬ 
gen  carrying  capacity  (red  blood  cell  plus  hemoglobin)  x  capillary  flow  ve¬ 
locity  x  functional  capillary  density,  we  find  that  the  capacity  for  oxygen 
delivery  of  the  hemoglobin  blood  mixture  down  to  a  hematocrit  half  of 
the  control  value  is  identical  to  that  obtained  with  dextran  70 
hemodilution  (Figure  11.3). 

These  results  indicate  that  this  type  of  hemoglobin  does  not  appear  to 
provide  a  measurable  benefit  when  compared  to  50%  hemodilution  with 
non-oxygen  carrying  substitutes.  This  result  may  be  due  to  either  a  bio¬ 
logical  effect  of  the  material,  such  as  scavenging  of  nitric  oxide  (Moncada 
et  al.  1989),  leading  to  vasoconstriction,  or  that  the  blood  hemoglobin 
mixture  carries  too  much  oxygen,  thus  eliciting  a  metabolic 
autoregulatory  effect.  Both  mechanisms  may  be  operational,  however, 
the  oxygen  effect  may  be  prevalent.  , 

Further  hemodilution  with  aa-hemoglobin  shows  the  benefit  of  increased 
intrinsic  oxygen  carrying  capacity,  and  when  3/4  of  the  red  blood  cell 
mass  is  replaced  the  oxygen  carrying  capacity  of  the  microcirculation  is 
double  that  obtained  with  the  same  level  of  hemodilution  with  a  non¬ 
oxygen  carrying  material.  As  may  be  expected  at  this  level  of 
hemodilution,  the  autoregulatory  responses  are  reversed,  and 
microvascular  diameters  return  to  control  values.  Hemodilution  to  this 
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level  with  aa-hemoglobin  is  tolerated  by  the  animals  in  our  experimen¬ 
tal  model,  this  not  being  the  case  when  dextran  70  is  used. 


Figure  11.3  Microvascular  effects  of  isovolemically  substituting  blood  with 
15%  solution  of  ota-hemoglobin  in  the  awake  hamster  window  preparation. 
Comparison  to  identical  experiments  with  6%  dextran  70,000  MW,  Flow 
transport  index  is  calculated  as  the  product  of  capillary  flow  velocity  times 
capillary  hemoglobin  concentration  (red  blood  cells  plus  free  hemoglobin) 
times  functional  capillary  density.  All  values  are  normalized  relative  to  the 
control  condition  where  the  preparation  has  undiluted  normal  blood. 
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11.5.2  Oxygen  Transport 

Microvascular  POg  in  the  subcutaneous  tissue  is  determined  with  the 
phosphorescence  decay  technique  based  on  the  oxygen-dependent 
quenching  of  phosphorescence  emitted  by  metallo-porphyrins  bound  to 
albumin  [Torres  and  Intaglietta  1993,  Torres  et  al.  1994).  In  this  process 
phosphorescence  lifetime  decreases  in  proportion  to  the  local  oxygen  ten¬ 
sion.  The  relationship  between  phosphorescence  lifetime  x  and  POg  is 
described  by  the  Stem-Volmer  equation  (Vanderkooi  et  al.  1987,  Wilson 
1993).  The  porph3rrin  compound  remains  initially  within  the  blood  ves¬ 
sels  and  difhises  into  the  interstitium  after  about  one  hour,  allowing  the 
determination  of  intra-arterial,  intravenous  and  tissue  PO2.  The  tech¬ 
nique  is  independent  of  absolute  light  intensities  and  porphyrin  concen¬ 
tration. 

Specifically,  palladium-meso-tetra  (4-carboxyphenyl)  porphyrin  (Porphy¬ 
rin  Products,  Inc.,  Logan,  UT  USA)  bound  to  bovine  serum  albumin  and 
diluted  in  saline  (sodium  chloride  0.9%,  Elkins-Sinn,  Inc.,  Cherry  Hill, 
NJ  USA)  to  a  concentration  of  15  mg/ml  is  injected  intravenously  in  a 
dosage  of  30  mg/kg  body  weight.  Current  versions  of  this  instrumenta¬ 
tion  developed  in  our  laboratory  allow  the  measurement  of  POg  in  rec¬ 
tangular  areas  of  10  x  100  \Lm. 

Oxygen  measurements  carried  out  under  control  conditions  are  shown  in 
Figure  11.1.  Measurements  were  repeated  during  conditions  of  high 
hemodilution  with  aa-hemoglobin  (hematocrit  22%)  with  the  results 
shown  in  Table  11.1.  The  finding  that  maintenance  of  arteriolar  POg  in 
vessels  of  about  50  iJ,m  diameter  led  to  a  significant  decrease  in  tissue 
PO2  suggested  that  this  parameter  be  investigated  in  the  immediate  vi¬ 
cinity  of  the  arteriolar  wall. 

Measuring  intravascular  POg  and  POg  next  to  the  blood/tissue  interface 
provides  information  on  the  rate  of  oxygen  consumption  by  the  vascular 
wall,  which  is  directly  related  to  microvascular  wall  metabolism  involved 
in  mechanical  work  for  the  regulation  of  blood  flow  and  on  going  bio¬ 
chemical  synthesis  (renin,  prostaglandins,  collagen,  conversion  of 
angiotensin  I  to  II,  degradation  of  bradykinin  and  prostaglandins,  and 
the  clearance  of  lipids  and  lipoprotein).  Present  accuracy  and  resolution 
of  the  technology  allows  measurements  in  vessels  of  the  order  of  50-pm 
diameter  where  the  gradient  in  the  wall  is  measured  in  a  tissue  shell 
about  7.5-p.m  thick.  The  measured  gradient  is  directly  proportional  to 
the  rate  of  oxygen  utilization  by  the  tissue  where  the  gradient  is  meas¬ 
ured. 

Our  results  show  that  the  presence  of  large  amounts  of  aa-hemoglobin 
generates  biological  activity  at  the  level  of  the  microvascular  wall,  lead¬ 
ing  to  the  increase  of  oxygen  consumption  by  the  vessel  wall.  The 
mechanism  responsible  for  this  effect  is  not  presently  known,  however, 
the  tendency  for  arteriolar  microvascular  PO2  to  increase,  the  increase 
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in  oxygen  carrying  capacity  leading  to  metabolic  autoregulation,  and  the 
biological  activity  associated  with  the  release  of  heme  and  its  introduc¬ 
tion  into  the  endothelial  cell  environment  are  mechanisms  that  may  be 
directly  linked  to  the  observed  increase  in  wall  oxygen  metabolism.  The 
lowering  of  venular  and  tissue  POg  are  also  indicative  of  the  develop¬ 
ment  of  an  extra-oxygen  sink,  which  appears  located  at  the 
microvascular  wall.  Early  studies  on  the  effect  of  introducing  large 
amounts  of  free  hemoglobin  in  the  circulation  report  the  doubling  of 
whole  body  metabolism  (Kendrick  1964). 

Table  11.1  Oxygen  tension  distribution:  Control  (normal  blood)  vs. 
aa-hemoglobin  (15  g/100  ml  hemodilution  to  70%  reduction  of 
hematocrit,  50  pm  arterioles. 


Compartment 

Control,  mm  Hg 

aa-Hb,  mm  Hg 

Intravascular,  arterioles^ 

52.7 

56.7 

Extravascular,  arterioles 

34.9 

26.6* 

Wall  POg  gradient^^^ 

17.8 

26.6* 

Tissue  POg^^^ 

20.9 

10,8* 

Intravascular,  venules  >  50jim 

33.2 

18.8* 

^^^Arteriolar  diameters  are  50  pm  ±  20%;  ^^^all  POg  gradient  develops  over  a 
distance  of  approximately  7.5  pm;  ^^Tissue  POg  is  measured  in  areas 
comprising  capillaries  but  void  of  arterioles  and  venules. 

^Statistically  significantly  different  from  control,  p  >  0.05. 


The  present  findings  only  provide  overall  evidence  for  the  existence  of 
potentially  significant  oxygen  consumption  at  the  microvascular  wall.  It 
is  not  possible  to  discern  whether  endothelium  or  smooth  muscle  are  the 
major  recipients  of  this  oxygen  because  of  the  spatial  resolution  of  the 
present  technology.  Endothelium  is  capable  of  a  metabolic  activity 
which  can  be  100  fold  that  of  other  cell  species  (Bruttig  and  Joyner 
1983),  Furthermore,  in  arterioles,  smooth  muscle  mass  is  significantly 
greater  than  that  of  the  endothelial  component.  This  suggests  that  in 
the  larger  arterioles,  oxygen  use  is  mainly  due  to  smooth  muscle  metabo¬ 
lism,  with  this  prevalence  shifting  to  the  endothelium  in  the  capillaries, 
where  their  large  surface  area  causes  them  to  become  a  significant  oxy¬ 
gen  sink. 

It  may  be  argued  that  the  decrease  in  functional  capillary  density  causes 
tissue  PO2  to  be  lower,  therefore  inducing  the  gradient  at  the  arteriolar 
wall  to  become  steeper.  This  is  not  the  case  in  the  present  situation 
since  the  relationship  between  vessel  wall  gradient  and  metabolism  ob¬ 
tains  from  the  solution  of  the  diffusion  equation  in  cylindrical  coordi¬ 
nates.  This  model  for  oxygen  exchange  between  microvessels  and  tissue 
does  not  make  any  assumption  about  PO2  at  the  boundary.  The  result 
that  the  wall  PO2  gradient  is  directly  related  to  metabolism  is  solely  a 
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function  of  the  impermeable  boundary  condition  between  diffusion  fields 
of  neighboring  vessels. 


11.6  The  Distribution  of  Oxygen  in  Hemodilution 

11.6.1  Oxygen  Distribution  in  Leaky  Vessels 

Outward  oxygen  diffusion  from  arterial  vessels  is  present  throughout  the 
circulation  since  there  is  no  specific  barrier  to  its  passage  across  the  ves¬ 
sel  wall  other  than  the  exit  rate  limitation;  imposed  by  diffusion  (Mi- 
rhashemi  et  al.  1987a,  Ellsworth  and  Pittman  1990).  In  this  context  oxy¬ 
gen  transport  through  the  circulation  is  fundamentally  different  from 
the  transport  of  water  through  a  system  of  impermeable  pipes.  In  the 
later  mass  balance  at  any  segment  shows  that  entrance  and  exit  flows 
are  identical  and  independent  of  flow  rate.  In  permeable  systems  mass 
balance  includes  the  exiting  flow  fraction  due  to  permeation  (diffusion) 
and  the  relative  difference  between  input  and  output  is  a  function  of  flow 
rate. 

Experimental  findings  from  our  laboratory  support  this  analysis.  Direct 
measurements  of  microvessel  intravascular  POg  correlated  to  locally 
measured  blood  flow  velocity  (Intaglietta,  Silverman  and  Tompkins 
1975)  show  that  changes  in  blood  APOabi^pd  and  changes  in  flow  velocity 
Av  can  be  empirically  correlated  by  the  expression: 

APOg  blood  =  2.6  Ay  mm  Hg;  (v  =  mm/sec);  p  <  0.001 

The  significance  of  this  expression  is  that  change  in  cardiac  output  af¬ 
fects  proportionately  all  segments  of  the  vascular  tree,  since  flow  velocity 
is  a  direct  function  of  the  level  of  branching.  As  an  example,  doubling 
cardiac  output  doubles  flow  velocity  in  capillaries  and  arterioles  equally, 
however,  due  to  branching,  capillary  flow  velocity  is  6.5  mm/sec,  leading 
to  an  increase  of  POg  of  1.3  mm  Hg,  while  in  50-pm  arterioles  with  flow 
velocities  of  about  5  mm/sec,  the  increase  in  PO2  is  13  mm  Hg. 

1 1.6.2  Model  Analysis  of  Oxygen  Transport  and  Diffusion  in  the 
Circulation 

The  relationship  between  blood  flow  velocity,  oxygen  carrying  capacity 
and  rate  of  oxygen  leakage  is  given  by  a  mass  balance  equation  for  any 
segment  of  the  vasculature.  For  any  axial  length  dx  the  amount  of  oxy¬ 
gen  entering  the  upstream  cross-section  at  x  is  given  by: 


(2) 


/Wjc  =  QF^(%RBC,%Hb)nP02 
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where  Q  is  the  entering  volumetric  flow  rate,  measures  the  intrinsic 
oxygen  canying  capacity  of  the  red  blood  cell  and/or  hemoglobin  mix¬ 
ture,  and  nPOg  is  the  linearized  functional  relationship  between  the  red 
blood  cell  (+  hemoglobin)  oxygen  carrying  component  and  the  PO2  which 
is  usually  given  by  the  oxygen  saturation  curve.  The  oxygen  content  af¬ 
ter  the  blood  mixture  traverses  an  axial  distance  dx  will  be  decreased  by 
the  rate  of  oxygen  exit  across  the  vessel  wall.  A  simplified  analysis 
equates  this  oxygen  leakage  by  diffusion  to  a  permeability  coefficient 
p  and  the  difference  in  POg  between  blood  and  tissue.  A  further  simplifi¬ 
cation  can  be  obtained  by  assuming  that  tissue  PO2  is  zero.  Given  these 
premises,  the  change  in  blood  oxygen  content  as  a  function  of  distance  is 
given  by  the  differential  relationship: 

(3)  ^  =  QF,n^  =  pPO, 

This  differential  equation  is  in  terms  of  PO2  rather  than  oxygen  concen¬ 
tration.  Oxygen  diffusion  is  driven  by  the  oxygen  partial  pressure, 
which  in  a  gas  is  proportional  to  oxygen  concentration.  In  blood,  oxygen 
concentration  is  related  to  PO2  through  the  oxygen  saturation  curve, 
which  describes  the  oxygen  held  in  chemical  binding.  To  understand 
why  oxygen  mass  balance  in  this  system  should  be  expressed  as  a  func¬ 
tion  of  partial  pressures  rather  than  concentrations  (molecule  per  unit- 
volume)  consider  the  blood/vessel  wall  interface.  Within  an  infinitesimal 
distance  in  either  direction  from  the  interface,  PO2  is  identical,  however, 
oxygen  concentration  changes  abruptly.  In  the  tissue,  oxygen  diffusion 
is  driven  by  the  PO2  gradient  which  is  not  related  to  the  amount  of  oxy¬ 
gen  in  blood.  (Similarly,  the  exit  rate  of  water  from  a  lake  through  a 
river  is  determined  by  the  difference  in  hydrostatic  head  (pressure)  be¬ 
tween  lake  and  river  exit  and  not  the  size  of  the  lake.) 

Integration  of  the  local  mass  balance  equation  yields: 

K2 

(4)  PO2  =  K^e 

where  Kj^  is  a  reference  oxygen  partial  pressure,  is  a  constant  incorpo¬ 
rating  information  on  the  permeability  coefficient,  the  distance  between 
reference  partial  pressure  and  the  point  at  which  PO2  is  evaluated 
and  the  linearized  relationship  between  hemoglobin  oxygen  content  and 
PO2,  and  is  the  total  amount  of  hemoglobin  comprising  red  blood 
cells  and  hemoglobin  in  solution.  The  values  of  Kj  and  can  be  ob¬ 
tained  directly  from  the  distribution  of  oxygen  in  the  circulation.  At  nor¬ 
mal  hematocrit  (C^^  =  1.0,  u  =  1.0),  arterial  oxygen  is  100  mm  Hg,  and 
according  to  Figure  11.1,  this  value  drops  to  50  mm  Hg  in  arterioles  of 
50  mp  allowing  one  to  solve  for  K2  from: 

(5)  50  {mm  Hg)  =  lOOe  ^  °  {mm  Hg) 
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The  constants  for  PO2  fall  to  the  beginning  of  the  capillaries  or  terminal 
arterioles,  and  the  capillary  exit  can  be  similarly  evaluated.  These  con¬ 
stants  are  the  numerical  expression  of  the  physical  and  anatomical  de¬ 
terminants  of  the  relationship  between  flow  velocity  and  diffusion.  In 
combination  with  the  actual  and  intrinsic  oxygen  carrying  capacity  of 
the  flowing  mixture  they  can  be  used  to  predict  the  oxygen  fall  along  key 
points  of  the  circulation  for  different  hematocrits  and  colloidal  concentra¬ 
tions  if  we  know  or  predict  the  velocity  response  of  the  circulation. 

Equation  4  shows  the  critical  role  played  by  the  velocity  of  blood  in  low¬ 
ering  the  diffusional  oxygen  losses.  Since  increased  velocity  is  usually 
due  to  decreased  intrinsic  oxygen  carrying  capacity  of  blood,  i.e.,  lower 
hematocrit,  improved  blood  oxygenation  will  only  manifest  itself  when 
the  product  is  greater  than  normal  (1.0).  As  a  corollary,  any  de¬ 
crease  of  intrinsic  blood  oxygen  carr3dng  capacity  not  accompanied  by  in¬ 
creased  flow  velocities  augments  diffusional  oxygen  losses.  Conversely, 
at  constant  intrinsic  oxygen  canying  capacity,  the  circulation  delivers 
proportionally  more  oxygen  at  higher  flow  rates,  since  the  diffusional 
loss  is  constant. 

1 1.6.3  Relationship  to  Experimental  Findings 

Utilizing  available  microvascular  data  (Figures  11.1,  11.2  and  11.3)  we 
can  evaluate  oxygen  distribution  in  the  microcirculation  for  different 
blood  compositions  as  shown  in  Table  11.2. 


Table  11.2  Oxygen  distribution  in  the  microcirculation  following 
changes  of  intrinsic  oxygen  carrying  capacity  affecting  blood  flow 
velocity. 


(*) 

Colloid 

Control 

Dx70, 6% 

Hb,  15% 

Hb,  15% 

Total  hemoglobin^ 

1.0 

0.7 

1.0 

1.0 

Hematocrit 

1.0 

0.7 

0.7 

0.3 

Velocity 

1.0 

1.6^2^ 

1.5 

1.8 

POg,  mm  Hg 

PO2 

50-|im  arterioles 

50,  -0.69 

53 

57 

68 

Terminal  arterioles 

30,  -0.51 

33 

45 

51 

Capillary  exit 

20,  -0.40 

23 

34 

41 

Data  from  Figures  11.1, 11.2  and  11.  3.  Oxygen  tension  calculated  from 
Equation  3.  ^^^Red  blood  cells  plus  aa-hemoglobin  in  solution  referred  to 
control  values  of  15  g/100  ml.  ^^^Derived  from  measured  red  blood  cell  flux. 
(‘^Calculated  assuming  that  hemoglobin  would  have  the  same  hemodynamic 
effect  as  dextran  70,  is  calculated  from  the  oxygen  distribution  at  control. 
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The  results  of  Table  11.2  are  important  because  they  show  that  in¬ 
creased  oxygen  carrying  capacity  accompanied  by  lowered  viscosity 
causes  a  significant  increase  in  the  oxygen  levels  in  the  arteriolar  sys¬ 
tem.  Comparing  hematocrit  reductions  of  30%  from  control  obtained 
with  dextran  70  and  aa-hemoglobin  we  see  that  while  dextran  only  in¬ 
creases  PO2  by  about  3  mm  Hg,  the  use  of  hemoglobin  and  corresponding 
maintenance  of  intrinsic  oxygen  carrying  capacity  at  normal  levels 
(equivalent  to  that  of  normal  blood)  increase  arteriolar  and  terminal 
arteriolar  POg  by  13  and  15  mm  Hg,  respectively.  Such  a  large  increase 
in  PO2  must  per  force  elicit  an  autoregulatory  response,  since  a  primary 
function  of  these  vessels  is  oxygen  regulation,  a  process  driven  by  PO2 
signaling.  Regulation  manifests  in  vasoconstriction,  which  reduces  flow, 
and  therefore,  according  to  Equation  3,  increases  oxygen  exit  rate  from 
the  vessels,  causing  local  PO2  levels  to  return  to  normal. 

The  presence  of  the  fore-mentioned  oxygen  regulatory  process  is  illus¬ 
trated  by  calculating  oxygen  distribution  in  the  arterioles  in  conditions 
of  extreme  hemodilution  with  aa-hemoglobin  under  the  assumption  that 
the  hemodynamic  effect  would  be  identical  to  that  obtained  with  dextran 
70.  In  this  hypothetical  situation  the  oxygen  level  would  be  increased  by 
about  20  mm  Hg,  which  is  clearly  a  non-physiological  situation,  leading 
to  a  strong  vasoconstrictor  response.  The  presence  of  this  mechanism  is 
shown  by  large-arteriole  oxygen  tension  rising  only  to  57  mm  Hg  (Table 
11.1  and  11.2).  Calculating  from  Equation  3,  the  velocity  necessary  to 
obtain  this  autoregulatory  response  (the  flow  velocity  that  in  this  condi¬ 
tion  of  hemodilution  would  lead  to  a  large-arteriole  PO2  of  56.7  mm  Hg) 
leads  to  the  value  of  1.2,  which  compares  to  the  value  of  1.0  in  Figure 
11.3  (0.3  systemic  hematocrit). 

A  decrease  in  flow  velocity  from  1.8  (Htc  0.3)  present  with  dextran  70 
hemodilution  to  1.0  requires  that  the  pressure  gradient  be  reduced  in 
the  same  proportion,  leading  to  capillary  pressure  reduction  of  the  order 
of  45%.  Although  the  distribution  of  microvascular  pressures  has  been 
extensively  studied  since  the  development  of  the  servo-nulling 
micropressure  technique  by  our  group  (Intaglietta,  Pawula  and  Tomp¬ 
kins  1970),  most  studies  have  relied  on  anesthetized  preparations  and 
exposed  tissue,  and  the  actual  values  in  the  normal  tissue  are  only  ap¬ 
proximately  known.  Estimates  of  capillary  pressure  for  anesthetist 
mammals  set  this  number  at  30  ±  3  mm  Hg  (Lipowsky  1987).  Therefore, 
a  reduction  of  45%  will  significantly  reduce  functional  capillary  density 
according  to  the  findings  of  Lindbom  and  Arfors  (1985),  fully  corroborat¬ 
ing  our  results  (Figure  11.3). 


11.7  Conclusions 

The  decrease  of  blood  viscosity  while  maintaining  intrinsic  oxygen  carry¬ 
ing  capacity  is  a  relatively  unexplored  condition  in  terms  of 
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hemodynamic  transport  phenomena.  The  present  theoretical  and  ex¬ 
perimental  findings  lead  to  the  following  microvascular  perturbation: 

1)  Lowering  blood  viscosity  increases  arteriolar  blood  oxygen  content 
to  the  extent  that  autoregulatory  mechanisms  are  engaged. 

2)  Engagement  of  arteriolar  oxygen  metabolic  autoregulation  lowers 
functional  capillary  density  due  to  vasoconstriction  and  lowered  capil¬ 
lary  pressure. 

3)  Relating  the  POg  distribution  to  the  oxygen  dissociation  curve  for 
hemoglobin  shows  that  the  amount  of  oxygen  delivered  in  the 
microcirculation  is  significantly  decreased  during  hemoglobin  hemodilu- 
tion,  even  in  the  absence  of  lowered  functional  capillary  density. 

4)  Experimental  data  on  the  development  of  an  increased  wall  oxygen 
gradient  (Table  11.1)  shows  that  this  process  further  contributes  to  the 
impairment  of  tissue  oxygenation  with  hemoglobin  solutions. 

Items  1  through  3  are  a  direct  consequence  of  altered  transport  proper¬ 
ties  and  may  be  modified  by  tailoring  the  properties  of  the  hemoglobin 
solution  to  diminish  PO2  redistribution.  Left-shifting  the  oxygen  disso¬ 
ciation  curve  would  accomplish  the  objective.  Increasing  the  viscosity  of 
the  hemoglobin  diluted  blood  would  also  attain  the  same  objective  and 
may  be  desirable  in  situations  wiiere  increasing  cardiac  output  is  not  in¬ 
dicated.  Implementation  of  either  strategy  or  their  combination  may 
lower  the  wall  oxygen  gradient  since  this  is  in  part  dpe  to  increased  me¬ 
chanical  and  metabolic  work  required  by  the  blood  vessel  in  producing 
vasoconstriction.  Maintenance  of  normal  arteriolar  PO2  distribution  in 
the  presence  of  high  intrinsic  microcirculatory  oxygen  capacity  is  neces¬ 
sary  to  avoid  an  oxygenation  paradox,  whereby  tissue  becomes  ischemic 
in  the  presence  of  adequate  oxygenation  and  flow. 
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ABSTRACT 

All  of  the  variables  regulating  the  delivery  of  oxygen  to  specific  tis¬ 
sues  have  not  been  identified.  However,  O2  capacity,  blood  flow,  and 
vessel  diameter,  are  coordinated  in  concert  to  optimize  tissue  oxy¬ 
genation.  Experimental  models  studied  to  date  indicate  that  the  set 
points  for  muscle  blood  flow  are  well  above  those  needed  to  maintain 
oxidative  metabolism.  Thus,  additional  mechanisms  must  exist.  A 
possible  point  of  control  is  the  supply  of  O2  to  arterioles  which  can 
regulate  capillary  blood  flow.  This  hypothesis  has  important  implica¬ 
tions  for  the  development  of  red  cell  substitutes. 


12.1  Introduction 

Blood  flow  regulation  and  oxygen  delivery  to  the  tissues  are  closely  inter¬ 
twined.  On  the  one  hand,  blood  flow  to  many  organs  appears  to  be 
closely  regulated  such  that  the  parenchymal  cells  receive  an  adequate 
supply  of  oxygen  to  satisfy  the  requirements  of  oxidative  metabolism  un¬ 
der  a  wide  variety  of  circumstances.  On  the  other  hand,  blood  flow  regu¬ 
latory  mechanisms  also  appear  to  prevent  an  over-abundance  of  oxygen 
delivery  to  the  tissues. 
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12.2  Autoregulation:  General  Concepts 

A  classical  example  of  how  blood  flow  is  determined  by  demand  is  the 
proportionate  increase  in  blood  flow  in  working  skeletal  muscle  with  in¬ 
crease  in  oxygen  consumption  (Sparks  1978)  as  shown  in  Figure  12.1. 
Note  also  the  reduction  in  venous  oxygen  levels,  especially  at  lower  work 
rates.  Another  phenomenon  thought  to  be  due  in  part  to  the  same 


Figure  12.1  Relationships  among  oxygen  consumption,  blood  flow  and  ve¬ 
nous  PO2  of  denervated  skeletal  muscle  in  the  dog  hind  limb.  The  oxygen 
consumption  was  varied  by  motor  nerve  stimulation  rates  of  0.25  to  8  Hz. 

From  Sparks  (1978)  by  permission. 

mechanism  is  autoregulation  of  blood  flow,  that  is,  the  tendency  for 
blood  flow  to  remain  constant  despite  changes  in  arterial  perfusion  pres¬ 
sure  (Johnson  1986).  Autoregulation  in  skeletal  muscle  is  enhanced  in 
working  muscle,  perhaps  because  vascular  tone  is  more  closely  attuned 
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to  metabolic  needs  than  in  resting  muscle  (Stainsby  1962,  Johnson 
1986). 

Based  on  observations  such  as  these,  physiologists  have  sought  for  many 
years  to  determine  the  exact  nature  of  the  linkage  between  blood  supply 
and  oxygen  demand.  The  working  hypothesis  of  these  studies  has  been 
that  when  the  oxygen  supply  to  the  tissues  is  inadequate  a  signal  in  the 
form  of  a  chemical  vasodilator  is  transmitted  from  the  parenchymal  cells 
to  the  resistance  vessels,  reducing  the  tone  of  these  vessels  and  allowing 
blood  flow  to  increase  to  meet  metabolic  needs.  Most  commonly,  it  has 
been  thought  that  this  chemical  signal  arises  when  tissue  oxygen  tension 
falls  below  critical  levels  and  there  is  a  shift  from  oxidative  metabolism 
to  anaerobic  glycolysis  (Schubert,  Whalen  and  Nair  1978). 

It  must  be  admitted  that  after  more  than  100  years  of  study,  we  still 
cannot,  with  a  high  degree  of  confidence,  identify  the  chemical  mediator 
or  mediators  responsible  for  functional  hyperemia  of  working  muscle  or 
evidence  for  involvement  of  such  mediators  in  autoregulation  of  blood 
flow.  There  are,  however,  several  candidates  such  as  adenosine,  H'*’  ion, 
and  potassium  for  which  there  is  some  evidence  in  certain  organs 
(Sparks  1978,  Johnson  1986). 

While  there  is  abundant  evidence  that  blood  flow  is  regulated  in  such  a 
manner  as  to  provide  the  oxygen  necessary  to  support  oxidative  metabo¬ 
lism,  it  is  also  evident  that  blood  flow  to  tissues  such  as  skeletal  muscle 
is  regulated  in  such  a  manner  as  to  prevent  an  over-abundance  of  oxygen 
in  the  tissues. 

A  very  simple  experiment  that  illustrates  this  principle  is  the  suffusion 
of  an  oxygen-rich  solution  over  an  exposed  microcirculatory  bed  in  a 
muscle  such  as  the  cremaster  muscle  of  the  rat  or  hamster.  When  this  is 
done,  the  arterioles  constrict  and  red  cell  velocity  in  the  arterioles  falls 
as  shown  in  Figure  12.2  (Prewitt  and  Johnson  1976).  This  mechanism  is 
so  effective  that  the  fall  in  blood  flow  can  completely  offset  the  increased 
oxygen  delivery  from  the  suffusing  solution,  and  there  is  little  net 
change  in  tissue  oxygen  tension,  which  in  skeletal  muscle  is  typically  in 
the  range  of  20  mm  Hg  (Duling  1978,  Prewitt  and  Johnson  1976). 

Given  the  fact  that  tissue  oxygen  tension  appears  to  be  held  within  a  cer¬ 
tain  narrow  range  in  skeletal  muscle,  it  is  possible  that  there  are  sepa¬ 
rate  mechanisms  coupling  tissue  oxygen  demands  to  blood  flow;  one 
causing  vasodilation  when  blood  flow  falls  too  low,  and  another  causing 
vasoconstriction  when  flow  rises  too  high.  It  is  also  possible  that  there  is 
a  single  mechanism  with  a  set  point  around  the  normal  tissue  POg  level 
of  about  20  mm  Hg.  In  the  latter  case,  it  is  supposed  that  other  mecha¬ 
nisms  such  as  the  myogenic  response  and  neural  adrenergic  mechanisms 
provide  a  basal  level  of  vascular  tone  that  is  antagonized  to  different  de¬ 
grees  by  the  action  of  the  purported  vasodilator  metabolite  or 
metabolites.  Note  that  in  either  case,  it  is  hypothesized  that  the  low  end 
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of  the  "acceptable"  range  of  blood  flow  is  determined  by  release  of  vasodi¬ 
lator  substances  when  tissue  oxygen  tension  falls  too  low.  One  form  of 
this  hypothesis  is  that  there  are  normally  tissue  areas  on  the  borderline 
of  hypoxia,  and  these  areas  are  normally  producing  just  sufficient  quan¬ 
tities  of  vasodilator  metabolites  to  maintain  adequate  tissue  oxygenation 
overall  (Schubert,  Whalen  and  Nair  1978).  Such  areas  for  example  might 
be  present  near  the  venous  end  of  the  capillary  network. 
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Figure  12.2  Red  cell  velocity  in  a  20  tim  arteriole  of  rat  cremaster  mus¬ 
cle  with  alteration  of  the  oxygen  level  of  the  suffusing  solution.  The  top 
line  indicates  the  gas  mixture  with  which  the  suffusate  was  equilibrated. 
Solution  PO2  was  measured  at  the  surface  of  the  muscle.  Pa  is  arterial 
pressure.  From  Prewitt  and  Johnson  (1976)  by  permission. 


12.3  Experimental  Studies 

In  our  studies  of  this  area  we  have  set  out  to  examine  the  question  of  the 
linkage  between  oxygen  delivery  and  oxygen  demand  by  determining 
whether  blood  flow  is  normally  held  at  a  level  close  to  the  minimum  re¬ 
quired  for  adequate  tissue  oxygenation.  Specifically,  we  have  set  out  to 
determine  whether  in  resting  muscle  there  are  tissue  areas  that  are 
either  frankly  h3q)oxic  or  on  the  verge  of  hypoxia. 

Before  describing  these  studies,  I  would  like  to  make  clear  that  the 
mechanisms  being  considered  are  relevant  only  to  organs  in  which  the 
ratio  of  oxygen  consumption  to  oxygen  delivery  is  relatively  high,  such  as 
skeletal  muscle,  myocardium  and  brain.  These  considerations  are  not 
necessarily  relevant  to  organs  such  as  kidney  and  secretory  glands 
where  the  blood  supply  is  much  higher  than  needed  to  meet  the  require- 
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merits  of  oxidative  metabolism.  Obviously,  in  those  organs,  factors  other 
than  those  related  to  oxidative  metabolism  determine  the  blood  flow  to 
the  tissue. 

The  studies  I  will  describe  are  also  pertinent  from  the  standpoint  of  de¬ 
signing  an  adequate  blood  substitute.  For  this  purpose,  it  is  of  course 
very  important  to  know  how  much  oxygen  is  required  to  provide  ade¬ 
quate  delivery  to  all  areas  of  the  tissue.  We  have  chosen  to  address  this 
question  at  the  microcirculatory  level  by  lowering  blood  flow  and  deter¬ 
mining  the  point  at  which  pyridine  nucleotide  fluorescence  in  the  tissue 
begins  to  rise.  We  selected  p5nidine  nucleotide  because  it  is  a  coenzyme 
involved  in  the  electron  transport  chain,  and  when  oxygen  supply  be¬ 
comes  inadequate,  there  is  a  shift  from  the  oxidized  NAD'^  to  the  reduced 
NADH.  Fortunately,  NADH  fluoresces  while  NAD"*"  does  not,  so  a  rise 
in  this  signal  gives  an  indication  of  the  shift  from  aerobic  to  anaerobic 
metabolism  (Chance  et  al,  1962). 

12.3.1  Apparatus 

The  experimental  arrangement  used  consists  of  a  microscope  system  on 
which  an  anesthetized  animal  can  be  mounted  on  the  microscope  stage 
and  a  thin  muscle  such  as  the  cat  sartorius  or  rat  spinotrapezius  exteri¬ 
orized  for  direct  study  (Toth  et  al.  1992).  With  this  arrangement  the 
muscle  can  be  transilluminated  with  a  Xenon  light  source  to  view  the 
microcirculation  with  a  video  camera  placed  in  the  image  plane  of  the 
microscope  objective.  A  second,  mercury  arc  source  provides  the  excita¬ 
tion  wavelength  (366  nm)  for  the  NADH  fluorescence.  The  450  nm  fluo¬ 
rescence  signal  from  the  endogenous  NADH  in  the  muscle  is  collected  by 
the  objective  and  passes  to  a  cooled  photomultiplier  tube  and  a  photon 
counter  and  is  stored  in  a  computer.  With  this  system  we  are  able  to 
monitor  NADH  fluorescence  in  a  20  pm  tissue  area.  The  small  sample 
site  enables  us  to  monitor  NADH  levels  in  regions  devoid  of  blood  ves¬ 
sels.  This  is  important  since  hemoglobin  absorbs  both  the  excitation 
wavelength  and  the  emitted  fluorescence.  The  field  is  imaged  with  the 
video  camera  and  recorded  on  video  tape  for  off-line  analysis  of  red  cell 
velocity  in  capillaries  adjacent  to  the  site  of  NADH  fluorescence  meas¬ 
urement. 

12.3.2  Stopped’flow  Experiments 

Several  types  of  studies  have  been  performed  with  this  system.  First,  we 
have  simply  stopped  flow  to  the  muscle  and  determined  how  long  it 
takes  before  a  shift  to  anaerobic  metabolism  occurs,  as  judged  by  the  rise 
in  NADH  fluorescence  signal.  According  to  the  hypothesis  we  are  test¬ 
ing,  there  should  be  a  number  of  tissue  areas  that  are  h5rpoxic  or  on  the 
verge  of  h3q)oxia.  Such  areas  should  show  a  prompt  rise  in  fluorescence 
when  blood  flow  stops.  On  the  other  hand,  tissues  near  the  arterial  end 
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of  the  capillary  network  might  he  better  supplied  with  oxygen  and  show 
a  longer  lag  time  before  NADH  rises. 

A  summary  of  our  findings  is  shown  in  Figure  12.3.  These  data  were 
taken  from  20  |xm  spots  near  the  arteriolar  and  venous  ends  of  the  capil¬ 
lary  network.  As  flow  stopped,  there  was  typically  a  latent  period  of 
about  45  seconds,  and  NADH  fluorescence  then  began  to  rise,  reaching  a 
peak  level  of  about  55%  above  control  after  about  100  seconds.  There 
was  no  significant  difference  between  arterial  and  venous  sites  in  re¬ 
spect  to  the  time  course  or  magnitude  of  change  in  NADH  fluorescence. 
The  absence  of  a  difference  in  delay  time  at  these  two  regions  was  unex¬ 
pected,  in  as  much  as  oxygen  is  unloaded  as  red  cells  travel  through  the 
capillaries  and  the  oxygen  tension  at  venous  sites  is  lower  than  at  the 
arterial  sites. 

The  difference  in  PO2,  however,  is  not  as  great  as  might  be  expected 
from  idealized  models  such  as  the  Kxogh  cylinder,  because  blood  flow  in 
capillary  networks  adjacent  to  each  other  may  be  counter-current,  and 
the  arterial  region  of  one  network  may  lie  adjacent  to  the  venous  region 
of  another  (Roller  and  Johnson  1986).  The  findings  may  also  reflect  the 
fact  that  venous  capillaries  are  more  numerous  and  have  larger  diame¬ 
ters  than  those  at  the  arterial  end  of  the  network,  providing  a  greater 
blood  volume  at  the  venous  end  and  thus  a  larger  reservoir  for  oxygen. 
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Figure  12.3  NADH  fluorescence  and  transmittance  of  the  excitation  wave¬ 
length  in  the  cat  sartorius  muscle  during  a  five  minute  period  of  flow  stop¬ 
page.  Fluorescence  rises  after  a  delay  period  while  the  transmittance  does 
not  change.  The  latter  indicates  that  the  optical  density  of  the  tissue  area 
from  which  the  fluorescence  arises  did  not  change  during  the  period  of 
measurement.  Average  data  from  60  tissue  sites,  30  near  the  venular  end 
of  the  capillary  network  and  30  near  the  arteriolar  end.  Optical  signals  are 
normalized  to  values  during  the  control  period  before  occlusion. 
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I  should  mention  that  there  is  a  substantial  amount  of  NADH  present 
even  in  well-oxygenated  tissue.  H5T)oxia  shifts  the  ratio  of  NAD^/NADH. 
Studies  in  the  sartorius  muscle  with  free  blood  flow  show  that  the 
NADH  content  is  0.322  ±  0.014  nmol/mg  protein  (N=7),  while  in  a  mus¬ 
cle  that  has  been  ischemic  for  5  minutes,  the  NADH  level  rises  to  0.563  ± 
0.024  nmol/mg  protein  (N=7).  In  addition,  not  all  of  the  fluorescence 
measured  at  450  nm  arises  from  NADH;  other  substances  such  as  colla¬ 
gen  also  contribute.  However,  it  is  unlikely  that  the  fluorescence  from 
such  other  sources  changes  during  a  brief  period  of  ischemia. 

12.3.3  Reduced’flow  Experiments 

A  second  type  of  study  we  have  performed  is  to  reduce  rather  than  stop 
flow  in  the  sartorius  muscle  and  observe  the  degree  to  which  flow  must 
be  reduced  in  order  to  elicit  a  shift  from  oxidative  to  anaerobic  metabo¬ 
lism.  This  was  performed  by  stimulating  the  sympathetic  nerve  to  the 
muscle  for  a  period  of  3  minutes  while  monitoring  NADH  fluorescence  in 
a  localized  tissue  area  and  blood  flow  in  the  adjacent  capillaries.  A  fall 
of  less  than  50%  in  red  cell  velocity  in  the  adjacent  capillaries  failed  to 
cause  an  increase  in  NADH.  However,  if  the  fall  in  red  cell  velocity  was 
more  than  50%  and  the  decrease  was  sustained,  NADH  would  rise.  In 
general,  we  found  that  a  decrease  in  blood  flow  of  at  least  50%  sustained 
for  at  least  30  seconds  was  required  to  increase  the  NADH  fluorescence 
signal. 

This  study  supports  the  observations  described  above  with  complete  flow 
stoppage  and  indicates  that  blood  flow  is  normally  regulated  at  levels 
well  above  that  required  to  maintain  oxidative  metabolism  in  the  tissue 
regions  that  would  be  most  likely  to  be  on  the  verge  of  hypoxia. 

12.3.4  Tissue  PO2 

Previous  in  vitro  studies  on  isolated  mitochondria  suggest  that  the  criti¬ 
cal  PO2  at  which  the  shift  from  aerobic  to  anaerobic  energy  metabolism 
occurs  is  well  under  1  mm  Hg  (Longmuir  1957).  To  this  time  there  have 
not  been  equivalent  studies  in  vivo.  It  has  been  suggested  that  the  criti¬ 
cal  POg  in  whole  cells  might  be  quite  different  from  that  in  washed,  iso¬ 
lated  mitochondria  due  to  a  lower  affinity  of  the  cytochrome  chain  for 
oxygen  (Rosenthal  et  al.  1976). 

To  investigate  this  issue  we  have  added  to  our  microscope  system  the  ca¬ 
pability  to  monitor  tissue  POg  with  a  palladium  porphyrin  probe  whose 
phosphorescence  lifetime  varies  according  to  the  oxygen  partial  pressure 
(Vanderkooi  et  al.  1987,  Torres  Filho  and  Intaglietta  1993).  For  this  pur¬ 
pose  a  strobe  light  source  was  interposed  above  the  objective  to  provide 
brief  flash  epi-illumination  of  the  tissue.  A  photomultiplier  tube  col¬ 
lected  the  phosphorescence  signal  which  was  fed  into  a  computer  that 
determined  the  signal  life-time  and  PO2.  The  probe  was  injected  intra- 
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venously  into  the  animal  and,  since  it  is  linked  to  albumin,  first  distrib¬ 
utes  in  the  vascular  compartment  and  then  slowly  leaks  out  into  the  tis¬ 
sue.  After  an  hour  or  so,  there  is  sufficient  probe  in  the  tissue,  probably 
localized  in  the  extracellular  space,  to  monitor  POg  there  as  well  as  in 
the  adjacent  microcirculatory  vessels.  With  this  system  we  were  able,  at 
the  same  site,  to  determine  both  NADH  and  PO2. 

The  aim  of  this  study  was  to  determine  the  tissue  POg  and  the  POg  in 
adjacent  vessels  at  which  the  shift  from  oxidative  to  anaerobic  metabo¬ 
lism  occurs.  To  this  end  we  have  performed  studies  in  which,  as  in  the 
first  series  of  experiments  described  above,  we  stopped  blood  flow  and 
monitored  the  rise  in  NADH  fluorescence.  Tissue  POg  could  not  be 
monitored  simultaneously  so  we  have  done  consecutive  experiments  in 
which  the  decline  of  POg  during  the  period  of  flow  stoppage  or  the  rise  in 
NADH  was  monitored.  An  example  of  our  findings  is  shown  in  Figure 
12.4.  The  tissue  PO2  falls  in  a  linear  fashion  and  then  shifts  abruptly  to 
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Figure  12.4  Tissue  NADH  and  oxygen  tension  in  a  20  )xm  diameter  tissue 
site  adjacent  to  a  venule  in  the  rat  spinotrapezius  muscle  during  a  one  min¬ 
ute  period  of  occlusion.  Upper  symbols  represent  the  NADH  fluorescence 
and  the  lower  symbols  the  oxygen  tension.  Also  shown  are  the  95%  confi¬ 
dence  level  for  the  NADH  signal  and  the  point  at  which  this  signal  in¬ 
creases  significantly  during  the  period  of  occlusion.  This  point  was  consid¬ 
ered  to  represent  the  critical  PO2  for  the  tissue  site.  Data  were  obtained 
from  consecutive  experiments  in  which  NADH  fluorescence  and  O2  tension 
were  separately  measured  at  the  same  site. 

a  much  more  shallow  slope  at  a  value  of  about  2  mm  Hg.  At  this  same 
point  NADH  begins  to  rise.  When  PO2  in  an  adjacent  venule  with  about 
a  20  pm  diameter  is  monitored,  we  find  that  the  shift  in  metabolism  oc¬ 
curs  at  a  blood  POg  of  about  7  mm  Hg. 
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12.3.5  Implications  of  Experimental  Studies 

From  the  standpoint  of  blood  flow  regulation,  these  studies  suggest  that 
the  set  point  for  blood  flow,  at  least  in  resting  cat  sartorius  muscle,  is 
well  above  that  needed  to  maintain  oxidative  metabolism.  The  findings 
do  not  support  the  hypothesis  that  there  is  an  hypoxic  state  in  some  tis¬ 
sue  regions  that  provides  a  vasodilator  chemical  signal  from  these  re¬ 
gions.  Rather  it  appears  that  the  tissue  PO2  is  regulated  at  such  a  level 
that  all  tissue  regions  are  well  supplied  with  oxygen. 

The  implication  of  our  findings  is  that  blood  flow  is  controlled  by  mecha¬ 
nisms  not  linked  directly  to  energy  metabolism.  Whether  this  is  also  the 
case  in  working  muscle  cannot  be  determined  from  the  present  studies 
although  we  have  preliminary  data  suggesting  that  in  contracting  mus¬ 
cle  there  is  not  a  shift  in  NADH  levels.  However,  in  that  instance  there 
are  mechanisms  such  as  release  of  potassium  from  the  contracting  mus¬ 
cle  fibers  that  may  be  responsible  at  least  in  part  for  the  initial  phase  of 
vasodilation. 

Our  conclusions  from  these  studies  are  based  on  the  assumption  that  the 
shift  in  NADH  level  is  an  adequate  signal  of  a  change  in  tissue  redox 
state.  It  possible  that  significant  shifts  in  the  redox  state  could  occur  in 
the  terminal  portion  of  the  electron  transport  chain  before  such  changes 
take  place  in  the  NAD'^/NADH  redox  couple.  However,  it  seems  unlikely 
that  this  would  occur  while  myoglobin  is  fully  saturated,  which  occurs  at 
a  value  of  about  5  mm  Hg. 

In  view  of  the  disparity  between  the  critical  PO2  value  found  in  this 
study  and  the  normal  tissue  PO2,  it  is  possible,  as  has  been  suggested  by 
Duling  (1978),  that  oxidases  or  oxygenases  having  K  values  closer  to 
the  normal  range  of  tissue  PO2  may  be  involved  in  blood  flow  regulation. 

12.4  Detection  of  Increased  Oxygen  Supply 

We  turn  now  to  the  question  of  whether  there  is  a  specific  mechanism  by 
which  an  overabundance  of  oxygen  delivery  is  prevented.  Certainly,  the 
very  potent  effect  of  elevated  superfusate  oxygen  levels  on  arteriolar 
tone  as  well  as  on  blood  flow  shown  in  Figure  12.2  puts  one  in  mind  of 
such  a  direct  effect.  There  have  been  a  number  of  studies  directed  to¬ 
ward  this  question  by  laboratories  other  than  ours  and  we  will  briefly  re¬ 
view  those  findings.  It  has  been  proposed  that  oxygen  has  a  direct  effect 
on  vascular  smooth  muscle  itself  to  cause  vasoconstriction. 

Evidence  in  favor  of  such  a  mechanism  was  based  on  studies  in  large 
blood  vessels  in  vitro  (Detar  and  Bohr  1968).  However,  studies  of  the 
partial  pressure  of  oxygen  in  such  preparations  shows  there  may  be  a 
h3q)oxic  core  region  in  the  smooth  muscle  layer  of  large  vessels  in  vitro 
that  would  not  normally  be  present,  especially  in  microcirculatory  ves- 
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sels  (Pittman  and  Duling  1973),  Based  on  these  and  other  studies,  it 
does  not  appear  that  the  smooth  muscle  itself  is  a  sensor  for  PO2,  unless 
the  oxygen  levels  fall  down  into  the  range  of  critical  POg  for  oxidative 
metabolism. 

Arterioles  of  hamster  cheek  pouch  are  highly  sensitive  to  ambient  Og 
levels  in  in  vivo,  but  studies  on  isolated  arterioles  from  hamster  cheek 
pouch  have  5delded  conflicting  results  with  some  vessels  showing  a  con¬ 
strictor  response  to  oxygen  and  others  being  unresponsive  (Jackson  and 
Duling  1983).  Subsequent  studies  have  shown  that  lipoxygenase  inhibi¬ 
tors  abolish  the  vasoconstrictor  effect  of  oxygen  on  arterioles  of  the  ham¬ 
ster  cheek  pouch  in  vivo  (Jackson  1988). 

The  role  of  prostaglandins  in  mediating  the  response  to  oxygen  has  been 
highlighted  by  studies  showing  that  lowering  PO2  levels  increases  the 
release  of  prostaglandins  from  endothelial  cells  (Busse  et  al.  1984).  This 
effect  is  apparently  also  present  at  high  PO2  levels. 

It  has  been  shown  recently  in  studies  on  isolated  arterioles  from  rat  cre¬ 
master  muscle  that  elevating  oxygen  above  normal  tissue  levels  causes 
vasoconstriction  due  to  inhibition  of  release  of  prostaglandins  from  the 
endothelium  (Messina  et  al.  1994).  The  effect  is  found  over  a  wide  range 
of  PO2  values  of  15  to  660  mm  Hg,  which  is  in  agreement  with  in  vivo 
observations  such  as  shown  in  Figure  12.2.  Such  a  mechanism  is  not 
could  provide  a  means  by  which  elevation  of  oxygen  exerts  a  vasocon¬ 
strictor  effect  on  the  arterioles. 

In  respect  to  the  hypotheses  presented  in  the  introduction,  these  data 
support  the  concept  of  a  single  mediator  of  the  oxygen  effect  not  linked  to 
energy  metabolism,  with  a  reduction  in  rate  of  release  of  a  vasodilator 
substance  as  oxygen  tension  increases  over  a  wide  range.  Since  there  is 
a  gradient  of  oxygen  tension  along  the  arteriolar  network  (Duling  and 
Berne  1970),  there  may  also  be  a  gradient  within  the  network  of  the  sen¬ 
sitivity  of  this  mechanism. 


12.5  Implications  for  Blood  Substitutes 

Finally,  these  findings  have  some  implications  for  the  area  of  blood  sub¬ 
stitutes  since  it  appears  that  in  skeletal  muscle  one  could  reduce  oxygen 
delivery  by  about  50%  before  reaching  the  level  at  which  oxidative  me¬ 
tabolism  becomes  compromised.  Further  studies  are  required  to  deter¬ 
mine  whether  in  critical  organs,  such  as  brain  and  myocardium,  blood 
flow  is  also  regulated  at  levels  well  above  that  required  to  maintain  oxi¬ 
dative  metabolism  throughout  the  organ. 

In  addition,  the  information  cited  above  suggests  that  blood  flow  and  tis¬ 
sue  PO2  are  held  at  normal  levels  at  least  in  part  by  a  mechanism  or 
mechanisms  that  operate(s)  over  a  wide  range  of  PO2.  Messina’s  data 
suggest  that  this  is  sensed  at  the  level  of  the  arteriole,  and  our  data  sug- 
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gest  that  oxygen  tension  in  resting  muscle  is  maintained  well  above  the 
critical  POg  for  oxidative  energy  metabolism  where  the  parenchymal 
cells  might  release  vasodilator  substances. 

Blood  substitutes  that  elevate  the  PO2  at  the  level  of  the  arteriole  could 
cause  vasoconstriction,  a  reduction  in  blood  flow  and,  paradoxically,  a 
decrease  in  oxygen  delivery  to  the  tissues.  Since  we  are  dealing  with  a 
system  of  multiple  controls,  not  all  of  which  are  known  and  understood, 
it  would  be  premature  to  draw  firm  conclusions  at  this  time.  The  avail¬ 
able  data  do  suggest,  however,  that  elevating  blood  POg  above  normal 
levels  may  engage  control  mechanisms  that  would  tend  to  offset  the  ad¬ 
vantage  of  an  elevated  blood  PO2  in  driving  oxygen  into  the  tissue  by  en¬ 
hancing  the  gradient  for  diffusion. 
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Radiosensitivity 
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13.1  Introduction 

Oxygen  is  the  most  potent  and  thoroughly  authenticated  modifier  of  ra¬ 
diation  response  studied.  This  pertains  to  all  mammalian  cells,  tissues 
and  organisms  investigated;  further,  it  obtains  for  all  endpoints  as¬ 
sessed.  The  enhancement  ratio  for  oxygen  (OER)  is  2.5-3.3.  This  is  the 
ratio  of  radiation  dose  administered  under  hypoxic  conditions  to  that  ad¬ 
ministered  under  aerobic  conditions  to  produce  a  defined  response. 
Hypoxia  in  this  context  means  a  PO2  less  than  1  mm  Hg  and  aerobic 
conditions  means  a  POg  >20  mm  Hg.  The  radiation  sensitizing  action  of 
molecular  oxygen  has  been  of  great  interest  to  radiation  oncology  and  ra¬ 
diation  biology  as  it  is  maximally  sensitizing  at  physiological  concentra¬ 
tions.  Further,  there  is  convincing  evidence  that  in  some  tumors  there  is 
a  fi*action  of  cells  which  are  hypoxic  and  viable.  This  would  mean  that 
such  cells  could  be  a  factor  in  the  failure  of  radiation  to  achieve  local  con¬ 
trol  in  a  proportion  of  such  tumors.  The  central  point  is  that  imder  nor¬ 
mal  conditions  there  is  a  differential  POg  distribution  which  favors  the 
tumor  relative  to  the  normal  tissue  with  respect  to  surviving  radiation 
treatments.  In  reaction  to  this  understanding  of  tumor  biology,  there  has 
been  extensive  and  sustained  research  to  devise  methods  to:  measure 
tissue  PO2,  increase  tumor  PO2  at  irradiation  and,  hopefully,  improve 
the  cure  rate  of  radiation  treated  patients. 
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13.2  Early  Observations  on  Tissue  PO^  and  Radiation 
Response 

In  1921,  Holthusen  reported  that  the  damaging  effect  of  radiation  on  as- 
caris  eggs  was  less  in  the  absence  of  oxygen  (Holthousen  1921).  Crabtree 
and  Cramer  found  (1933)  that  anaerobiosis  protected  tumor  cells  from 
radiation.  Mottram  (1935)  observed  that  growth  of  the  beam  root  {Vida 
faha)  was  greater  after  irradiation  in  nitrogen  than  oxygen.  This  and 
other  findings  led  to  an  awareness  that  PO2  at  the  instant  of  irradiation 
was  an  important  determinant  of  the  observed  response.  The  oncology 
community  was  informed  of  these  developments  by  a  symposium  in  1953 
organized  by  L.H.  Gray  and  sponsored  by  the  British  Institute  of  Radiol¬ 
ogy  (Gray  et  al.  1953).  Research  findings  were  presented  on  the  magni¬ 
tude  of  the  "Oxygen  Effect"  for  mammalian  cells  and  animal  tissues. 
0,C.A.  Scott  demonstrated  that  the  delay  of  growth  of  Ehrlich  tumor  was 
affected  much  more  by  radiation  given  while  the  host  mice  respired  Og  at 
3  atmospheres  than  air;  the  effect  on  tumor  was  much  greater  than  on 
skin  reaction.  This  provided  a  basis  for  optimism  that  there  might  be  a 
therapeutic  gain  from  attempts  to  manipulate  tissue  POg. 

13.3  Mechanism  of  Action  of  Molecular  Oxygen  to  Increase 
Radiation  Damage 

Molecular  oxygen  is  a  highly  reactive  species  that  combines  with  ionized 
loci  in  the  critical  target  to  produce  a  local  chemical  change  which  the 
cell  has  limited  ability  to  repair.  Thus,  in  the  presence  of  oxygen  there  is 
a  greater  likelihood  of  lethal  radiation  damage  to  the  cell.  To  illustrate 
the  marked  effect  of  POg  on  cell  survival,  Figure  13.1  is  shown.  This  pre¬ 
sents  cell  survival  curves  for  radiation  administered  to  Chinese  hamster 
CHO  cells  in  vitro  equilibrated  with  oxygen  concentrations  ranging  from 
0.03%  to  100%.  There  is  a  2.7  fold  increase  in  slope  of  the  survival  curve 
as  POg  is  increased  from  near  zero  to  aerobic  levels  (Ling  et  al.  1981). 
The  dependence  of  response  on  POg  occurs  predominantly  in  the  range  of 
1  to  about  10  mm  Hg;  increases  in  response  beyond  20  mm  Hg  is  slight. 
The  mathematical  relationship  between  the  OER  and  pOg  was  developed 
by  Alper  and  Howard-Flanders  (1956)  is  given  by  equation  1: 

(1)  OER  =  m[0^^  + 

m  is  the  maximum  OER  observed  at  high  PO2  levels.  K  is  the  midpoint 
of  OER  between  minimum  and  maximum  OER.  Experimental  data  con¬ 
form  closely  to  the  shape  predicted  by  Equation  1.  Figure  13.2  presents 
an  excellent  and  thorough  set  of  experimental  data  using  the  CHO  cells. 
In  those  assays  a  significant  sensitization  was  observed  at  O2  of  0.03% 
concentration  (Ling  et  al.  1981). 
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Figure  13.1  Cell  survival  curves  for  CHO  cells  which  have  been  equili¬ 
brated  with  several  concentrations  of  oxygen  and  then  subjected  to  X  radia¬ 
tion  (50  kVp)  (Ling  et  al.  1981). 


<0.0005  O.Oi  0,1  1  10 


O2  CONCENTRAT/ON  IN  GAS  PHASE  (%) 

Figure  13.2  OER  for  increasing  concentrations  of  oxygen  for  cell  killing  of 
CHO  cells.  (Linger  al.  1981). 
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13.3. 1  Measurements  of  PO^  in  Human  Tumors 

Polarographic  methods  have  been  utilized  to  measure  PO2  in  human  tu¬ 
mors  since  the  1950’s  (Cater  and  Silver  1960,  Evans  and  Nylor  1963). 
These  have  all  shown  broad  ranges  of  POg  values  within  individual  tu¬ 
mors  and,  importantly,  a  greater  inter-tumoral  heterogeneity  in  POg  lev¬ 
els.  The  work  of  Kolstad  (1968),  Pappova  et  al.  (1982),  Gatenby  et  al. 
(1988),  Hiickel  et  al.  (1991)  and  Vaupel  et  al.  (1991)  on  carcinomas  of  the 
uterine  cervix,  breast  and  metastatic  cancer  to  the  cervical  lymph  nodes. 
Mueller-Kliesser  et  al.  (1981)  used  cryospectrophotometric  techniques  to 
determine  the  intracapillary  oxyhemoglobin  saturations  in  the  normal 
oral  mucosa  and  in  adjacent  tumor  tissue.  There  was  a  consistent  find¬ 
ing  of  a  substantially  lower  oxyhemoglobin  saturation  in  the  erythro¬ 
cytes  in  capillaries  of  the  tumor  tissue.  Similar  findings  were  obtained 
for  rectal  mucosa  and  cancer  by  Wendling  et  al.  (1984). 

Nitroimadozoles,  which  act  as  h5q)oxic  cell  sensitizers  and  have  a  strong 
affinity  for  hypoxic  cells,  have  been  shown  to  bind  to  cells  in  human  tu¬ 
mors  (Urtasun  et  al.  1986,  Franko  et  al.  1987).  This  is  accepted  as  good 
evidence  for  the  presence  of  hypoxic  cells  in  those  tumors.  Thus,  all  of 
the  available  data  demonstrate  that  in  some,  but  not  all,  human  solid  tu¬ 
mors  there  is  evidence  for  the  presence  of  hypoxic  cells.  There  is  a  larger 
body  of  data  on  tumors  of  experimental  animal  tumor  system  which 
demonstrate  the  presence  of  hypoxic  cells;  these  will  not  be  discussed 
here.  An  extensive  review  of  this  work  was  published  by  Moulder  and 
Rockwell  (1984).  Additional  methods  have  been  utilized  in  some  of  those 
studies  for  indirect  estimation  of  PO2  values  (Olive  and  Durand  1992, 
Olive  et  al.  1993,  Boucher  et  al.  1990,  Sevick  et  al.  1991,  Lord  et  al.  1993, 
Sengere^  al.  1993,  Shweiki  et  al.  1992). 

13.3.2  Models  for  Hypoxia  in  Tumor  Tissue 

Results  of  experiments  from  many  laboratories  have  been  interpreted  as 
showing  that  the  OER  is:  1)  minimally  dependent  upon  cell  age,  2)  re¬ 
duced  for  high  LET  radiations,  and  3)  less  for  radiation  given  at  low  dose 
rate  or  in  small  doses/fraction.  Further,  repair  of  radiation  damage  is  re¬ 
duced/absent  for  h3q)Oxic  conditions  between  irradiations. 

There  are  two  categories  of  hypoxia  in  tumor  tissue:  diffusion  limited 
(chronic  hypoxia)  and  perfusion  limited  (acute  hypoxia).  The  first  was 
described  by  pathologist  H.  Thomlinson  and  biophysicist  L.H.  Gray  in 
1955  (Thomlinson  and  Gray  1955).  For  their  model,  the  parameters  de¬ 
termining  PO2  distribution  as  a  function  of  distance  from  a  capillary 
were:  PO2  at  the  arterial  end  of  the  capillary,  length  of  the  capillary, 
blood  flow  rate  through  the  capillary,  oxygen  diffusion-coefficient  in  the 
tumor,  and  QO2  of  the  intervening  tumor  cells.  The  values  assigned  by 
Thomlinson  and  Gray  for  those  parameters  for  human  tissue  gave  an 
oxygen  diffusion  distance  of  about  160-180  pm.  This  corresponded  well 
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with  observed  distances  from  capillaries  to  necrosis  in  human  lung  carci¬ 
noma.  The  diffusion  distance  of  glucose  is  approximately  twice  that  for 
oxygen.  Thus,  the  pathological  observations  were  consistent  with  the 
concept  that  the  observed  necrosis  was,  at  least,  in  part  the  consequence 
of  hypoxia. 

The  second  model  stemmed  from  later  studies  on  tumor  blood  flow  which 
revealed  that  the  flow  in  tumor  capillaries  was  not  constant,  but  rather 
there  were  periods  of  no  flow  in  a  fraction  of  the  capillaries  (Brown 
1979).  The  "no  flow"  fraction  might  be  fairly  constant,  but  the  actual  cap¬ 
illaries  involved  would  be  continuously  changing.  This  meant  that  at  any 
time  there  would  be  some  regions  for  which  PO2  was  perfusion-limited. 
Thus,  the  POg  of  cells  adjacent  to  and  downstream  from  the  start  of  the 
no-flow  length  of  capillary  would  rapidly  go  to  near  zero.  As  the  "no  flow" 
was  temporary,  necrosis  would  not  necessarily  develop.  According  to  the 
second  model,  there  would  be  episodic  hypoxia  over  largish  areas;  these 
would  likely  far  exceed  the  oxygen  diffusion  length.  The  dynamics  of  de¬ 
velopment  of  hypoxia  was  quite  different  for  the  two  models. 

13.4  Strategies  Employed  to  Minimize  the  Importance  of 
Hypoxic  Cells  in  Radiation  Therapy 

There  has  been  an  impressive  array  of  strategies  conceived  and  employed 
in  the  clinic  to  reduce  the  importance  of  the  hypoxic  tumor  cells  on  the 
outcome  of  radiation  treatments.  These  include: 

•  Respiration  of  oxygen  at  1  or  3  atmospheres  or  carbogen  at  1  at¬ 
mospheres. 

•  Radiation  under  conditions  of  local  hypoxia  (application  of  tourni¬ 
quet  on  the  proximal  extremity  in  treatment  of  a  distal  extremity 
sarcoma);  the  rationale  being  to  eliminate  the  differential  in  tis¬ 
sue  PO2,  which  normally  protects  some  of  the  cells. 

•  High  LET  radiation  (fast  neutrons,  neon  ion,  boron  neutron  neu¬ 
tron  capture  therapy)  as  the  OER  for  these  particle  beams  is 
lower  than  for  photons. 

•  Hypoxic  cell  sensitizers  (metronidazole,  misonidazole,  nimora- 
zole,  etanidazole,  RSU-1069,  SR4322,  etc.). 

•  Hyperthermia. 

•  Agents  to  increase  tumor  blood  flow,  e.g.,  nicotinamide,  calcium 
channel  blockers. 

•  Transfusion;  hemoglobin  substitutes  (perfluorochemical  com¬ 
pounds,  c.g.,  Fluorosol);  er3rthropoeitin. 
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•  Agents  that  modify  the  hemoglobin  O2  affinity. 

•  Agents  specifically  toxic  to  hypoxic  cells. 

•  Agents  that  suppress  Og  utilization. 

•  Intra-arterial  infusion  of  H2O2. 

There  has  been  some  degree  of  success  in  laboratory  animal  tumor  sys¬ 
tems  with  all  of  these  approaches.  The  clinical  applications  have  met 
with  only  modest  success. 


13.5  Experimental  Animal  Tumor  Studies 

There  is  an  extensive  literature  on  this  subject.  The  study  of  Powers  and 
Tolmach  (1963)  showed  that  there  was  a  population  of  cells  within  a 
mouse  l5nnphoma  which  were  hypoxic  in  their  response  to  radiation  (see 
Figure  13.3).  The  cell  survival  curve  exhibited  two  components.  The  ratio 


Figure  13.3  Cell  survival  curve  for  single  dose  irradiation  of  a  mouse 
lymphoma  demonstrating  a  two  component  curve  (Powers  and  Tolmach 
1963). 
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of  slopes  of  the  two  components  corresponded  to  the  OER  for  mammalian 
cells,  with  the  of  the  resistant  tail  being  2.6  Gy,  viz.,  the  value  ex¬ 
pected  for  hypoxic  cells. 

Brief  reference  will  be  made  here  to  several  studies  on  early  generation 
isotransplants  of  the  mammary  carcinoma  of  the  C3H/Sed  mouse, 
MCalV.  The  dose  response  curve  for  local  control  of  tumor  can  be  sharpy 
modified  by  alteration  in  the  oxygenation  of  the  tumor  at  the  time  of  ir¬ 
radiation.  This  is  shown  by  the  curves  in  Figure  13.4,  which  were  de¬ 
rived  from  assays  performed  on  host  mice  respiring  air  under  normal 
conditions,  respiration  of  O2  at  4  atmospheres  or  clamp  h3^oxia 
[Moulder  and  Rockwell  1984].  An  indication  of  the  proportion  of  cells 
which  are  hypoxic  can  be  derived  from  the  ratio  (TCDgQ  Hypoxic/TCDgQ 
Air)  which  increases  with  tumor  size.  (TCDg^  is  the  radiation  dose  which 
achieves  eradication  of  the  tumor  in  50%  of  the  irradiated  lesions.) 

RADIATION  DOSE  TUMOR  CONTROL  RESPONSE  ASSAYS  FOR 
0.6  mm3  MCo  Iff  ( v  =  1 ,  250  kvp  xrays ) 


O2  4ATA  AIR  CLAMP 


DOSE  (Gy) 

Figure  13,4  Dose  response  curves  for  single  dose  irradiation  of  small  iso¬ 
transplants  of  a  C3H  mouse  mammary  carcinoma  under  one  of  three  condi¬ 
tions:  1)  normal  Air  breathing  and  blood  flow,  2)  respiring  O2  at  4ATA,  or 
3)  local  tissue  h5T)Oxia.  (Shaded  area:  95%  confidence  bands)  (Suit  and 
Maeda  1967) 
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Table  13.1  Tumor  hypoxia  and  size  of  MCalV. 


TCD50 

Hypoxia/Air 

(single  dose) 

Microcolonies 

1.8 

0.6  mm^ 

1.6 

250  mm^ 

1.1 

(Suit  and  Maeda  1967) 

For  many  experimental  tumor  systems,  the  enhancement  ratio  for  O2  at 
3  atmospheres  is  greater  for  fractionated  than  single-dose  irradiation. 
This  was  found  for  MCalV,  as  indicated  by  the  results  in  Table  13.2 
(Howes  and  Suit  1974). 

Table  13.2  Enhancement  ratios  (ER)  for  Og 
3  atmospheres  and  fractionation  of  the  radiation 
treatment. 


TCD50 

AIR/Og  3  Atm 

n  =1 

1.13 

n=10 

1.56  (27°C) 

2.18  (35°C) 

n=15 

1.72  (SS'C) 

(Suit,  Howes  and  Hunter  1977) 


The  ER  (TCDgQ  Air/Test)  for  respiration  for  different  times  of  Og  at  1  or 
3  Atm  or  carbogen  at  1  Atm  has  been  examined  in  this  system  for  radia¬ 
tion  given  in  10  equal  doses  (n  =  10).  The  findings  are  that  respiration 
for  5  minutes  yields  a  near  maximum  effect,  see  Table  13.3  (Suit  et  al. 
1972). 

Table  13.3  ERs  for  respiration  of  O2  at  1  or 
3  Atm  or  carbogen  for  various  times. 


Respired  Gas 

Times 

ER 

O2  1  Atm 

0.05  min 

1.09 

15  min 

1.41 

60  min 

1.22 

Carbogen 

0.5  min 

0.99 

15  min 

1.34 

Og  3  Atm 

0.05  min 

1.76 

15  min 

1.79 

(Suit,  Marshall  and  Woerner  1972) 
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An  experiment  was  performed  to  derive  the  Therapeutic  Gain  Factor 
(TGF)  for  respiration  of  O2  3  Atm.  (The  TGF  is  the  ER  for  tumor/normal 
tissue;  in  this  assay,  normal  tissue  was  the  intestinal  tract.)  Radiation 
was  administered  in  5  or  15  equal-dose  fractions  over  a  total  time  of  5 
days.  There  was  a  clear  gain  for  both  fractionation  schedules,  viz.,  TGFs 
were  1.5-1. 7,  (Powers  and  Tolmach  1963);  in  the  same  experiments  a 
postive  TGF  was  not  obtained  for  fast  neutron  irradiations.  There  is  a 
major  interest  in  the  combination  of  carbogen  and  nicotinamide  to  im¬ 
prove  the  radiation  response  based  upon  this  rationale:  carbogen  to  de¬ 
crease  the  hypoxic  regions  by  diffusion  of  oxygen,  and  the  nicotinamide 
to  improve  the  perfusion.  For  some  tumor  system,  there  is  a  greater  ER 
for  carbogen  than  for  oxygen.  The  results  of  studies  by  Rojas  et  al.  (1990) 
at  the  Gray  Lab  have  been  quite  positive  for  the  CaNT  tumor. 

Table  13.4  ERs  for  oxygen,  carbogen  alone  or 
combined  with  nicotinamide  in  treatment  of  tumor 
CaNT.  Radiation  was  given  as  10  fractions  over  5  days. 

ER  was  found  to  be  maximal  at  5  minute  breathing 
times  from  the  tumor. 


Oxygen  Condition 

ER 

Air 

1.16 

Og  1  Atm 

1.52 

Carbogen 

1.82 

Carbogen  +  Nicotinamide 

Omg 

1.5 

100  mg 

1.6 

200  mg 

1.7 

300  mg 

1.7 

500  mg 

1.8 

13.6  Correlation  Between  the  Response  of  Human  Tumors 
and  Measured  POg  Values 

There  have  been  three  reports  which  give  follow-up  status  after  radia¬ 
tion  treatment  and  the  pre-treatment  POg  measured  values.  These  were 
by  Kolstad  (1968),  Gatenby  et  al.  (1988)  and  Hockel  et  al.  (1991).  These 
are  encouraging  in  that  in  each  of  the  three  studies,  the  tumors  which 
had  large  numbers  of  measurements  indicating  h5q)Oxic  regions  were 
much  more  likely  to  regrow.  For  example,  in  Gatenby^s  study  of  cervical 
lymph  nodes  involved  by  metastatic  carcinoma,  the  cut-off  was  the  pro¬ 
portion  of  measured  PO2  values  that  were  <8  mm  Hg.  Complete  re¬ 
sponses  were  observed  in  1/11  and  19/19  tumors  for  which  >26%  or  <26% 
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of  measured  PO2  values  were  <8  mm  Hg,  respectively.  Hdckel  et  al. 
(1991)  found  a  much  higher  survival  rate  in  patients  whose  cervical  car¬ 
cinoma  exhibited  only  slight  h5^oxia;  the  difference  was  significant. 
Those  reported  results  are  being  maintained  and  also  for  the  subset  of 
patients  who  were  treated  by  radiation  alone  (M.  Hdckel,  personal  com¬ 
munication,  1994). 

13.6.1  Clinical  Trials  of  Modifiers  of  Tissue  PO^ 

Overgaard  and  Horsman  (1993)  have  performed  a  meta-analysis  on  the 
large  number  of  Phase  III  trials  of  respiration  of  oxygen  at  increased 
pressure,  administration  of  one  of  the  hypoxic  cell  sensitizers.  The  result 
was  a  small,  but  significant,  benefit  from  the  modifier. 

Henk,  Kunkler  and  Smith  (1977)  and  Henk  and  Smith  (1977)  reported 
results  from  two  successive  trials  of  Og  3  Atm  for  carcinomas  of  the 
head/neck  region.  Both  were  highly  significant  in  favor  of  the  O2  3  Atm 
arms  for  local  control.  In  one,  a  significant  gain  was  also  seen  for  sur¬ 
vival.  Bush  et  al.  (1978)  obtained  a  gain  from  transfusion  of  patients 
with  carcinoma  of  the  uterine  cervix  who  were  anemic. 

13.6.2  Clinical  Problem 

The  clinician  needs  means  for  assessing  the  physiological  status  of  the 
tumor  in  the  individual  patient  with  special  reference  to  PO2.  The  lim¬ 
ited  results  mentioned  are  indeed  promising  but  not  adequate  for  regu¬ 
lar  use  of  a  PO2  modifier.  A  serious  concern  is  that  the  clinical  trials  to 
date  have  been  marred  by  the  accession  into  the  trial  all  patients  who 
had  tumors  of  a  defined  site,  stage  and  pathological  type.  However,  all  of 
the  tumor  PO2  values  measured  polarographically  indicate  that  there  is 
an  important  degree  of  in  ter- tumoral  heterogeneity  in  PO2  distributions. 
Accordingly,  the  optimal  trial  design  would  have  a  demonstrated  low 
PO2  as  an  eligibility  criterion.  Were  this  to  obtain,  there  is  a  sound  basis 
for  anticipating  a  much  greater  gain  from  the  employment  of  a  procedure 
which  modifies  tumor  PO2.  Thus,  additional  clinical  data  are  required  as 
to  the  degree  of  correlation  between  PO2  and  outcome  of  radiation  treat¬ 
ment  and  then  to  procede  with  trials  of  one  of  the  modifiers. 

However,  there  is  an  obvious  need  for  a  technical  means  for  determining 
tissue  PO2  that  is  simpler,  more  readily  tolerated  by  patients  and  less 
costly  and  cumbersome.  The  interest  in  tumor  PO2  extends  beyond  the 
effort  to  enhance  efficacy  of  radiation  treatments.  The  physiological  fea¬ 
tures  that  impede  access  of  O2  to  the  tumor  cells  also  decrease  the  access 
of  chemotherapeutic  agents,  the  diverse  components  of  the  immune  re¬ 
jection  reaction,  vectors  for  gene  therapy,  etc.  (Jain  1990).  This  is  an  im¬ 
portant  clinical  problem  and  one  with  real  challenges  to  the  clinically 
oriented  and  the  basic  physiologist. 
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